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PREFACE

L ! This Specialists Meeting provided an opportunity for a useful exchange of views and a comparison of differing

: approaches to operational loads data acquisition. Such data acquisition was seen as a vital activity, needed to verify or update
data available at the design and development flight test stage which, unsubstantiated by service experience, might lead to
major inaccuracies in fatigue or static strength calculations.

There was general agreement that microprocessor-based systems provider. the necessary technology for major

advances in loads data acquisition techniques. Several such systems are under active development, others in routine use. In

; general, those in service appeared to assume the retention of correlations between flight parameters and loads data acquired
in flight testing, whereas some newer systems placed greater reliance upon direct load or stress (strain) measurements. In

either case, there was general observance of the ‘2-tier’ concept, whereby a small proportion of an aircraft flect is

instrumented for extensive loads data acquisition, the remaining aircraft being monitored by simpler methods.

The main emphasis of the papers delivered tended to fall on data acquisition for fatigue strength assessment and fatigue
testing, although it was intended that synthesis of data for use in design load calculations should also be adequately covered.
Some papers described the collection of loads data from standardised test inanocuvres to define maximum design or fatigue
loads accurately, although several participants felt that service pilots’ handling was too variable for this approach to be
entirely reliable. Discussion also queried the applicability of data from conventionally-configured aircraft of the present
generation to some new designs, e.g. highly agile, unconventional lay-outs, largely constructed of composite materials and
heavily dependent upon active control technology. The indications were that operational loads data acquisition would
become even more vital in the future than for currerit military aircraft.

‘Design Load Requirements’ and ‘Combat-NATO-Manoeuvre Flight Tests’ are possible subjects for follow-on activity
within the Panel.

DMF.BRIGHT

Chairman, Sub-Committee on
Operational Loads Data
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INTRODUCTORY REMARKS

by
Wing Commander D M F Bright RAF
Ministry of Defence (Air)
Whitehall, London, UK

The acquisition and use of c¢perational loads data is a topic which has been
periodically addressed by the Panel., Since it has not beenreviewed within the last
S years, I was one of those who suggested a need for renewed discussion and this
Specialists Meeting, taking into account recent relevant experience within the NATO
member nations. The subject appears a popular one, judging by the attendance at the
Meeting. We will have the opportunity to listen to many interesting papers, and contrast
and compare their various viewpoints and approaches.

I propose to open the proceedings by expressing a personal viewpoint, reflecting
experience within one user service, namely the Royal Air Force. Our current fleet is a
wide mixture of aircraft types which fall broadly into 2 categories: a number of older
types, which have been retained in service for periods much longer than was originally
anticipated; anc a group of newer designs which I can characterise as high-performance
'fast jets'. Both groups have suffered from a number of significant structural defects,
which have at times affected operations, due to inspections, long rectification down-
times and some constraints impoused on flying; many structures have also been costly to
repair. We are, of course, not unique in this respect; most other military operators
have had similar experiences.

Almost without exception, these structural defects have not been caused by
accidental damage nor, directly at least, by operational factors, including overload;
nor are they attritutable to initial defects on build, fe,poor quality control. On the
contrary, they almost invariably stem from fatigue damage in metallic structure,
generated by the effects of repetitive operationai loading. Either the true stress
levels were later found to be higher than anticipated, the frequency of damaging load
cycles was greater than expected, or the fatigue resistance of the local structure had
been over-estimated. At a detail level, these untoward events are sometimes due to
stress concentrations being sharper than design stage analysis would suggest or a
complex redundant structure reacting to loads in a manner which the designer did not
foresee and allow for. However, if flight and ground loads are accurately known, there
seems no fundamental reason, given the power of modern stress analysis techniques and
sound design practice, why such situations should be repeated in the future. On the
other hand, in many instances loads spectra can be substantially more severe than were
ever expected, in which case the vatidity of the whole fatigue or strength analysis is
inevitably undermined at the very outset.

As users, we therefore have a major interest in ensuring that accurate operational
loads data is fed back to the designer. The service lives of military aircraft are
frequently prolonged, many aircraft are pressed into new roles, new equipment is often
fitted, and all-up weights and installed power levels generally increase markedly over
the years. Operational demands also tend to become more severe, even if roles do not
change - examples are the increased intensity of flying at low altitude,the introduction
of new combat manoeuvres and reliance upon air-to-air refuelling to extend range or
loiter time. We may not always fully appreciate the structural effects of some routine
manoeuvres or variations in handling, the significance of severe discrete gusts at low
level, or the fatigue implications of flight control system design characteristics.

For all these reasons, we need better data on the loads imposed by normal service, to
maintain and assure long-term structural airworthiness,

Looking to the future, active control technology is clearly going to have a major
impact on military aircraft design. User pressure for greater structural efficiency is
going to increase, via demands for maximum performance. We see the rapid introduction
of advanced composite structures, which will almost certainly alter the current balance
between fatigue and static strength requirements., Finally, next-generation aircraft will
be designed to operate within wider flight envelopes, with increased use of unconventional
manoeuvre capability and configuration control. The nced for high-quality operational
loads data will therefore increase, not decrease, in the coming years.

This meeting provides us with an opportunity to discuss the acquisition and
exploitation of operational loads data, the choice of system philosophy, practical
constraints on system design, and - last, but not least - the requirements for minimum
cost, complexity and impact on the user, who has to fly the system and provide the data.
I am confident that we will all learn a great deal from the proceedings. Discussion
periods have been inserted into each session to allow full discussion of the papers given
and an exchange of views on the topics raised.
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OPERATIONAL IOADS MEASUREMENT: A PHILOSOPHY AND 1TS IMPLEMENTATION

by

Dorothy M. Holford and J.R. Sturgeon
te Materials and Structures Department
Royal Aircraft Establishment
) . Farnborough
g Hampshire
GbLi4 6TD
United Kingdom

SUMMARY

1 A philosophy of operational data acquisition, for structural objectives, within ;
. the general field pf in-flight load measurement is reviewed, highlighting the con- F

straints such activities place on the data acquisition system. This Report describes

: one such system which can be tailored to perform a variety of tasks ranging from the
collection of time histories of fiight parameters or strzin gauges to complex fatigue
load analyses throughout the airframe. The system comprises a digital cassette recorder
and a data acquisition unit within which a microprocessor is used for control of data
acquisition and in-flight data analysis. System requirements in terms of accuracy,
bandwi?th and sampling rates are discussed for a range of aircraft types and operating
conditions.

The various modes of operation of the system are illustrated by examples drawn
from operational experience with the system. These demonstrate the capability of the
system to produce data suitable for automatic analysis in a variety of operational
environments in both fixed and rotary wing aircraft. The examples clearly show the
value of studying operational data in terms of fatigue life management, fatigue life
monitoring, operational practices and design procedures.

1 INTRODUCTION

Structural repair and maintenance costs can be several times the original cost of
atrcraft production. There is therefore, potentially, a rich reward for effective
structural management within a fleet. The UK has directed its operational flight data
acquisition and associated research programmes towards reducing unscheduled repair costs
through a validation of the fatigue subgstantiation process, through understanding the
causes of high fatigue damage rates and through the development of effective monitoring
of structural usage fleetwide. Knowledge of the causes of high fatigue damage rates
permits identification of load alleviation strategies which have no operational penalty.

L It is considered that realization of the first two aims can be accomplished by a compre-
hensive instrumentation fit to a relatively small number of aircraft covering the roles
and theatres of the fleet. The aircrew operating procedures for the sample aircraft
nust be identical to other aircraft in the fleet so that they are not singled out for
especial treatment. The investigative nature of the tasks demands that any airborne
processing of the data shall not compromise the structural usage of the data, or elimi-
nate the capablility to diagnose faulty data.

Most UK military aircraft carry a fatigue load meter - a counting accelerometer
with special levels and thresholds - the output of which can be usad to monitor the
: fatigue life consumption of those components of the aircraft whose loading has a high
¥ correlation with normal acceleration in all fatigue damaging situations. To interpret
the exceedance counts, assumptions must be made about the load distribution over the

< aircraft at the time the counts were registered. It can be seen that, for the modern

£ combat aircraft with actomatic stability and control systems, manoeuvre devices and

N other configuration control, use of the fatigue meter leaves many components vnmonitored
b ¥ and gives rise to considerable uncertainties in the calculated fatigue consumption in

§ others. Data from the operational load measurement programme can be used to improve the

s efficacy of current monitoring techniques and, if necessary, determine suitable alter-
j % natives.

é In the course of the programme outlined above, methodology. airborne tecording

% equipment, ground replay and analysis procedures have been developed and tailored to

2] meet the exacting demands of the programme. It has been a process of evelut.on with

2 successive programmes growing in complexity and benefiting from experience gained from

¢ preceding ones. All operational load measurement programmes are financed and monitored
‘ technically by MOD, the analysis of the data being carried out by the appropriate divi-
. sion of the aircraft contractor. This Report describes the overall philosophy of the
load measurement programmes, the development of tho recording system used in the
majority of the programmes and illustrates its diverse capabilities with examples drawn
from operational experience with the equipment.

Although this Report concentrates on the fatigue load measurement and monitoring
aspects of data analysis, it is pertinent to note that the data are also examined to
assess the adequacy of aircraft design requirements. The operational load measurement
programme can also yield information of use in the design process. The nature of the
data analysis required in this context is the subject of further research programmes
since the perceived nature of the structural loading and, to a certain extent, the

.
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aircraft response p. .ameters are a function of the collecting aircraft's character-
{stics. These characteristics must be eliminated from the data in order for them to be
relevant to & future aircraft.

2 DATA COLLECTION PHILOSOPHY

2.1 Operational load measurement programmes

These programmes seek to quantify the in-service fatigue life consumption and to
determine the cause of high fatigue damage rates. The validation of the fatigue
substantiation process invariably involves deduction of stress histories at particular
structural features during service operation which can be assessed against those used in
the determination of :i.e fatigue performance of those features, eg as measured on the
major fatigue test. The operational programme must collect loading data in a form which
is most directly usable. Each component or major load path addressed by the programme
must be considered f£. .m this standpoint. Essentially the questior being asked is - what
loading information is required given the fatigue substantiation process used? It is
vital to pose this question in the planning stage because the analysis task must be
defined and its implementation to hand when the operational data arrives. Critical
analysis must proceed as the data are acquired to detect faults and false assumptions
quickly. Otherwise the data will be consigned to storage and never be used, The fati-
gue analyst usually requires structural data in the form of local stresses or overall
applied loads - torque, bending moment and shear - at particular stations. The opera-
tional load measurement programme must provide these data.

In the UK, consideration was given to evaluating structural loads from flight
control and response parameters together with alircraft configuration and flight con-
dicion data, There are two distinct ways of dealing with the parametric data and it is
important to be aware of the limitations inherent in each when used to calculate struc-
tural loads for fatigue purposes. In the first it is necegsary to make assumptions
about the underlying aesrodynamic and inertial load distributions giving rise to the
parametric data obtained. This must be done throughout the whole flight envelope for
the many operating and environmental conditions met in practice. These load distribu-
tions are frequently not validated for each alrcraft component. At frequencies
appropriate to the aircraft's rigid body modes the totality of aircraft loading deriva-
tives will have been used in handling investigations and in studies of £light control
law performance etc. It is quite possible that the set of derivatives will have been
tweaked to reproduce certain aircraft characteristics. However, such models frequently
utilize parameters which are difficult to measure accurately. Additionally asymmetric
flow breakdown, turbulence, aerodynamic interference effects and structural vibration
all influence the required load distribution and are not necessarily reflected accu-
rately in the whole ajrcraft model. Identification of these conditions and their
effects on the desired load time histories further compound the interpretation of the
parametric data in respect of applied load distributions. Once the load distribution
has been found, overall loads can be calculated or local stresses found from a struc-
tural modei (eg a finite element model) - a process not without difficultyl

Alternatively, use may be made of load prediction equations1 which are derived
from a data base of loads and parameters by regression techniques®. These load predic-
tion equations often reflect the statistical properties of the data base and may or may
not represent the underlying physics of load ganeration. Thelr use outside the domain
of the data base is therefore not advisable. Consequently the data base used to derive
the parametric equations must be carefully selected, having regard to the number of
specific manoeuvres/flight conditions occurring in service and their contribution to
fatigue damage. This is unknown at the outset of the operational load measurement
programme. Non-linearities and strong dependence on flight condition and vehicle con-
figuration complicate and increase the number of load prediction equations required.

There are clearly many difficulties and uncertainties in evaluating structural
loads from parametric data. Since the objective of the operational load measurement
programme is to quantify the operational fatigue loading, the UK has favoured direct
load measurement using strain gauge installations in those programmes. Load histories
derived from strain gauge installations automatically include compensation for con-
figuration changes and operational procedures whereas those derived from parameters do
not. However, calculating loads from parameters means that the analyst can, in theory,
compute loads anywhere in the structure whereas with direct load measurement he has to
make a choice. His aim should be to quantify the loading conditions in the main load
paths to give overall confidence in the fatigue substantiation procedures and in any
known local fatigue sensitive areas. The gauge installation itself has to be carefully
engineered to survive in the operational environment and produce usable data over long
periods of time. Erratic performance of potentiometers, plugs anc sockets, variability
in insulation resistance, sensitivity to temperature and electrical and radio frequency
interference must be eliminated, as far as possible, by careful design. All strain
gauges are wired as complete four arm bridges at the measurement position. Where
possible, strain gauge amplifiers should be sited close to the gauge installations so
that long cable runs carrying low voltage signals are avoided.

The location and orientation of the strain gauge is critical since it gives a
measurement of direct structural strain along its length in the immediate area of its
location. In operational load measurement programmes gauges should be attached to well
defined load carrying elemente and in uniform and unidirectional stress fields away
from stress concentrations. FRach gauge installation should be chosen so that it
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predominantly responds to a desired single loading action unless the critica* fatigue
location is sensitive to more than one loading action. Local strain measurements can be
used directly in fatigue calculations but, more usually, a 'fatigue calibration' is
effected through a similar gauge installation on a major fatigue test specimen because
it would never be wise to put an operational strain gauge at the local stress con-
centration which initiates the fatigue failure. Comparative spectra and rates of
accumulation of fatigue damage can thus be established between the test specimen and the
operational aircraft. Sometimes it is necessary, because of the fatigue substantiation
process used, to establish the proportions of component stresses at a critical feature
or to estimate the overall applied torque, bending moment and shear distributions., 1In
these circumstances a 'load calibration' is required. The latter is mainly used where
it is necessary to relate the operational measurements to the input of a major fatigue
test or, if sufficient detail can be provided in the overall load estimates, to permit
fatigue calculations to be performed over the whole structure.

The structural loading data can be analysed for fatigue but to elucidate the
causes of high fatigue damage rates the analyst must be able to establish associated
ajircraft motions and automatic system performance. Thus, in addition, flight parameters
detailing £light condition, aircraft configuration, control demands and aircraft respon-
ses are also measuxed. Where appropriate the performance of stability augmentation
systems and the like are also monitored. The parameter list is tailored to complement
the structural fit and varies from aircraft programme to aircraft programme.

2,2 Fatique monitoring

A fleetwide monitoring system should provide estimates of fatigue damage for
critical structural components from the measured structural usage of the aircraft; give
an indication as to whether a structural inspection is necessary; provide sufficient
supplemeritary information to enable the operator to put a structural cost on his
operations; and provide an assessment of the loading environment in mzjor load paths
and components for comparison with design assumptions.

For fleetwide implementation, the ground processing costs mus: be contained and
disruption of operational turn-round procedures minimized. The results must be examined
quickly in order to check serviceability of the monitoring system and identify damaging
sorties. The cost and ease with which monitoring information can be used will dominate
the issue of acceptance and usefulness of the system to the operator. This means that
in the monitoring system the majority of the data processing must be done in real time
during the mission. The fatigue meter is an excellent example of this philosophy. Its
successor must provide more detailed coverage of the airframe and improve the accuracy
of fatigue estimates by collecting structurally relevant statistics of load histories
appropriate to each component monitored.

The need for more comprehensive fatigue monitoring on modern combat aircraft‘ is
illustrated by the calculated taileron loading during two stylized rolling manoeuvres
shown in Fig lasb. The normal acceleration is comparable in both cases but there is a
factor of 2¢ between the associated taileron loads which represents a factor of 15 to 50
on fatigue damage., Fig lc illustrates the effect of manceuvre demand control systems
where, in the case illustrated, a rudder kick gives rise to taileron loads but no normal
acceleration increment.

In the context of a fleetwide fit, there is obvious attraction in computing struc-
tural load time histories from easily measurable flight parameters and each case must be
examinud on its merits. For the case illustrated in Fig 1, acceptable loacd estimates
can be obtained from a linear combination of normal acceleration at the centre of grav-
ity, roll rate, symmetric taileron angle and differential tailerpn angle for a given
flight condition, aircraft configuration and low angle of attack . However th: physcial
luading mechanism in this flight regime varies markedly with aircraft conf.guration and
flight condition. At high subsonic Mach numbers, different parametric equatins are
required for clean and multiple stores configurations. Also each equation is applicable
over a restricted range of flight conditions, A large number of load equations will be
needed to cover all flight regimes. This will render the parametric aprproach untenable
if{ the operational load measurement programme shows that substantial fatigue damage i
sugstained in many flight regimes. By way of contrast, early work by Anne Burns et al
suggested that quite simple equations could used to predict f£in loads over a wide
range of flight conditions. However the data” used did not contain significant infor-
wation at frequencies above 1 Hz because low pass filters were used to remove activity
at structural frequencies. Section 6.2 indicates that this bandwidth limitation leads
to gross underestimztes of damage rates in some flight conditions.

In a fleectwide monitoring system only those statistics of the loading environuent
necessary for fatigue evaluation can be economically computed. Currently it is envis-
aged that complete loading cycles witpig a loading waveferm will be identified by a
range-mean-pairs (rainflow) technique ’”, and subsequently used with .he remaining peaks
and troughs to estimate fatigue damage (or crack growth) using simple cumulative damage
algorithms. If necessary, residunl stress effects (or crack cetardation) can be intro-
duced on a flight-by-flight basis.

An analysis technique to meet the objectives of fatigue monitoring is described in
Ref 6. It provides damage e¢stimates at regular intervals during the flight based on
interim estimates of the fatigue resistance of the structural components. To find the
causes for high fatigue damage rates it is necessary to supplement these estimates with
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broad brush aircraft state/configuration parameters at the time of the damage estimates.
Such parameters might include the range of altitude, airspeed, normal acceleration at
cg, lateral acceleration at cg, flap, slat, airbrake, nozzle angle, sweep angle etc
during the last time interval. These data give the operator the basic information tor
fatigue management of the fleet, The technique is i{llustrated in Fig 2 which shows

the fatigue damage profile for the wing of a large flexible aircraft. (The data are
taken from Ref 6.) High fatigue damage rates and the relevant operating conditions can
be identified and their validity established, to a certain extent, from the supplemen-
tary parametric information.

Load time histories directly related to fatigue critical features may be processed
in the air to give, for each monitored station, fatigue damage on a flight-by~flight
basis and a fatigue damage accumulation profile within a flight to meet the immediate
objectives of fatigue monitoring. However the results of the intermediate process of
loading cycle identification, ie the range~-mean occurrence matrix for the whole flight,
mugst be retained for future reassessment in the light of increased knowledge of the
fatigue resistance of the structure.

3 RAMIFICATIONS OF DATA ACQUISITICN

Studies of the structural implications of operational practices demand very high
data quality for the analysis to be meaningful - complete flights must be analysed auto-
matically and any data losses must be uncorrelated with structural loading severity. 1In
the past many recorders have functioned reliably during innocuous flight conditions and
consistently failed to fynction satisfactorily during structurally or aerodynamically
severe flight conditiung’ . In operational load measurement programmes described in
section 2.1, the data must be recovered in time history format to permit detailed
investigation of the causes of high fatigue loads. The performance of the data acquisi-
tion system can therefore be readily assessed.

Of equal importance is the performance of the sensors. For the operational load
measurement programmes to succeed, sensors must survive in the operational environment.
Many data collection programmes have collected flight response data from accelerometers,
potentiometers etc. These experiences suggested that these sensors would function
reliably in the operational environment. There was however a question mark over the
durability and stability of strain gauge installations in the operational environment.
The first UK programme of the type described in section 2.1 began collecting data in
1977. Thirteen strain gauge bridges were attached to the wing of a Victor tanker
ajircraft., Of these one gauge failed within the first three months but the rest remained
serviceable throughout the programme which collected data for three years. Gauge datums
an” amplifier sensitivities remained sensibly constant throughout the programme, This
encouraging experienct sugested that, with placement of spare gauges alongside those to
be recorded, the data acquisition programmes could produce structuri.]l loading data from
strain gauges in service. However unserviceable sensors must be detected quickly other=-
wise much useless data may be collected. This means that the data must be verified for
quality as soon as possible after collection, preferably within a week.

In the Victor programme mentioned above data were recorded on a fourteen track
analogue FM recorder. Thirteen of the fourteen tracks were given over to strain gauge
data while the flight response data were sampled digitally and written to rhe fourteenth
track. The analogue recorder was used in our first programme for expediency. Digital
data acquisition systemi are preferred since tliey offer greater flexibility with respect
to the number of parameters sampled and are less susceptible to electrical interference.
Yowever the Victor programme did give an opportunity to study the effects of limited
bandwidth and sampling rates on fatigue loading patterns. These and other studies
(sections 6.2 and 6.3) suggest that only the lower order structural modes are likely to
be fatigue damaging in their own right. The major loading cycles emanate from control
surface motions and the atmospheric environment but their magnitude may be substantially
enhanced by the superposition of vibration loads. This means that typically load his-
tories must be sampled at 8 to 64 samples/s depending on the predominant structural
resonant frequencies. This provides information on the fatigue implications of the
vibration but may not enable its frequency and phase characteristics to be deduced.

In order to mount an operational loads measurement programme on & small combat
aircraft, the data acquisition system must be relatively compact. Howzver with compact-
ness comes comparatively short duration recording at the required sampling rates.
Therefore timewise data compression techniques must be used to reduce the quantity of
data collected during structurally innocuous flight. This requires 'intelligence' on
the part of the data acquisition system which can be supplied through a microprocessor
based system. It is worth remembering that ground validation of the data and fatigue
analysis are time-consuming and expensive and are proportional to the number of data
words collected. Therefore the use of data compression techniques prior to data
recording leads to a cost effective usage of ground analysis resources.

As discussed in section 2.1, for the fleetwide fatigue monitoring system the bulk
of the fatigue analysis must be accomplished in the air. 1If, as is likely, the fatigue
consumption of the modern combat aircraft can only be effectively monitored through
access to a subset of the parameter list of the operational load measurement programme
then it is clearly logical to think in terms of common equipments.

Engine Usage Monitoring Systems (EUMS; have been under dovelopmgnt, under the
direction of the Directorate of Engines MOD(PE) since the early 19708 . The data
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acquisition and recording system was developed by Plessey and uses a Davall compact
cassette tape recorder. The EUMS Mk I had an overall sampling rate of 32 samples/s and
recorded data continuously on a single track of the cassette tape. There was no analy-
sis capability. The EUMS Mk II was conceived as a microprocessor based system, with
higher sampling rates and some airborne computational capacity. Materials and
Structures Department, RAE have participated in the development programme with the aim
of producing a versatile data acquisition and analysis system which would meet the
diverse tasks of the operational loads measurement programmes.

Utilization of common data acquisition hardware for both structural and engine
loads data measurement maximizes the return for equipment development costs. Scant
research and support service resources are thus directed towards a definitive single
entity with correspondingly greater return for that effort.

4 BASIC FEATURES OF THE EUMS MK II DATA ACQUISITION SYSTEM

The airborne data acquisition system that has evelved® is based on a digital
flight recorder with microprocessor controlled data management. The microprocessor is
used to control the acquisition of the data, its subsequent intermediate storage in a
solid state memory and its final blocked transfer to compact cassette via a Davall
1207-003 tape recorder. The hardware development was carried out by Plessey under MOD
contract. The main components of the airborne system are shown in Fig 3 in bench test
arrangement. The system comprises the data acquisition unit, control unit and quick
access tape recorder. The data acquisition unit accepts analogue gignals from all stan-
dard transducers and converts them to 10 bit numbers at the degired sampling rates.
Parameter sampling rates are controlled by software as is their position in the data
frame format. The overall sampling rate is switchable and ranges from 8 to 512 words
per second in binary steps. Thus common digital recording hardware may be tailored by
software changes to meet specific requirements. Signal conditioning boards can alco be
configured to suit particular applications .

The 10 data bits, an eleventh bit (used as a mode marker for timewise data
compression, section 7) and a parity bit are assembled into a 12 bit word and stored in
solid state }ptermediate memory silos. The data stream is assembled in an ARINC 573
code pattern' ., Software controls whether or not a silo of data is subsequently trans-
ferred to cassette. The tape drive works in a stop/start mode and if data are to be
output to tape, the tape is run up to its operating speed of 3 in/s when data are trans-
ferred from a silo of 2560 words at 1540 bits/in. When the silo is empty the tape drive
stops. This recording mechanism results in a substantial increase in reliability since
the tape transport mechanism is always recording data at a relatively high tape speed.
Wow and flutter problems associated with low tape recording speeds are much reduced.
Data quality is improved in the presence of severe structural vibration and the extreme
event is certain to be actually recorded on the tape at least 1} s after the event. By
the use of parallel recording on four tracks of a compact cassette, over two million
words are recorded on a single C-90 cassette. Data quality cagsettes cost about £5 each
and are thus an attractive data medium from an economic point of view. They are cheap
enough to be used once only and also provide an economic means of long term data
storage. In the absence of data compression the recording durations for a C-90 cassette
range from 20 h at 32 wordr/s to 1} h at 512 words/s. The compact cassette is
quickly and easily transfe from its operational location to the ground analysis
station. However there i. aiso a family of ground support equipments which are used in
the operational theatre to diagnose faults in the system and transducers. A flight line
test set can be used to interrogate the digital data at selectable locations in the data
format. Stability of ground datum values can be assessed for acceptability. A portable
replay unit can produce hard copy data from the cassette if required.

5 OPERATIONAL EXPERIENCE WITH EUMS MK II

The pilot operational loads measurement programme on Victor clearly demonstrated
the value of such programmes in removing speculation as to the origins and magnitudes of
structural fatigue loading cycles. The first uses of EUMS Mk II in structural pro-
grammes on fixed wing aircraft were aimed at ad hoc problems and were restricted in
their coverage of the airframe and the associated parameter fit. The programmes uti-
lized equipments procured for engine usage studies, as in the case of Jaguar, or
research purposes (Hercules and Sea King). The programmes are outlined in Table 1. The
fitment of the system in a Sea King helicopter was by way of a pilot exercise to gather
both flight usage data and engine torque data to establish the viability of the data
acquisition system in the holicopter environment.

At RAE, data from each installation were studied in parallel. A number of sources
of data coryuption in the complete data acquisition/ground roplay system were
identified “. During these early programmes there was a continuing improvement in the
quality of the data as successive error patterns were nullified. The installation on
Jet Provost in late 198l incorporated most of the system improvements identified in the
earlier programmes and discard rates of 1 in 10° to 10° words were achieved.

Residual errors were not associated with structural severity. It is Jikely that
most were associated with power supply transients. Future installations will include a
transient suppression unit which will hold up the power during a 50 ms break and also
remove large spikes giving a stabilised power supply. These programmes have demon-
strated that the system can produce data of high quality in the operational environment.
However it must be recognized that no airborne digital recording system will ever
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produce flawless data. The analyst must ensure that error patterns in the data stream
do not invalidate his analysis.

For the large transport aircraft, the sortie time is likely to exceed the cassette
recording time. The simple EUMS MKk II becomes less attractive since crew action is
required to change cassettes. However, with the Hercules programme, cassettes were
changed at regular intervals enabling data to be collected throughout the sortie. It
does mean that there are special instructions for operating the data collection aircraft
of the fleet. This typ. of notoriety is usually avoided in an effort to ensure the data
collected are representative of fleet usage. For future programmes, utilization of the
EUMS M% II with timewise data compression (sec’.ion 7) may well obviate the need for crew
action.

6 EXAMPLES TAKEN FROM THE OPERATIONAL LOAD MEASUREMENT PROGRAMMES USING EUMS MK II

6.1 General remarks

As mentioned in the Introduction, the operational loads data are analysed by the
aircraft contractor-to meet the direct objectives of the exercise.. The examples pre-
sented here are taken from the investigative and research programmes at RAE. They
illustrate that EUMS Mk II works well in diverse environments. The data have, in the
main, been used to study the impact of sensor characteristics on analysis tasks. This
work enables bandwidth and sampling rates for the more ambitious programmes (section 7)
to be estimated with confidence.

The examples clearly show the need for accurate fatigue monitoring and illustrate
the difficulties that are associated with deriving loads from aircraft response par-
ameters. The strain gauge installations remained serviceable throughout the duration of
the programmes (Table 1).

6,2 Empennage load measurement
6.2.1 Jaguar

The Jaguar programme showed that low-level operations were a major contribution to
fatigue damage at the fin root. It was therefore most important that subsequent pro-
grammes should accurately assess the situation on other aircraft. Of the two aircraft
in the Jaguar programme, one had a strain gauge amplifier bandwidth of 10 Hz and the
other 40 Hz. The fundamental fin bending mode is about 12-13 Hz. Visual inspection of
data from the 40 Hz bandwidth aircraft suggests that a few high frequency loading
actions are eliminated by the 10 Hz bandwidth amplifiers. The following discussion is
based on data from the 10 Hz bandwidth system sampled at 32 samples/s. The life con-
sumption analyses can be considered reasonably realistic for the real structure but are
related to specific flight conditions. Any read across to total aircraft lives must
include an assessment of how often the flight condition is met in practice.

Fig 4 shows a fatigue damage profile for a low-level sortie. The rate of fin
fatigue damage varies within a patch of low-level flight, the damage rate quickly fall-
ing to zero (over a period of 5~15 s) when the aircraft gains altitude. The damage
rate varied between flights - gsome flights had locally higher rates than those of Fig 4.
These variations may well be associated with the terrain and/or the atmospheric environ-
ment. Strain data, typical of the period marked on Fig 4 are shown in the top trace of
Fig 5 with an expanded time base to permit a more detailed study of its characteristics.
The lower traces of Fig 5 show how these data are distorted as the bandwidth is reduced
to 6, 1.8 and 0.9 Hz respectively by numerical filtering techniques. Dutch roll acti-
vity is a possible cause of the lower frequency component at about 0.8 Hz. The sharp-
ness of the transient strain, perhaps due to a gust, at point A of the top trace of
Fig 5 suggests that a higher bandwidth and sampling rate would be necessary to measure
accurately its magnitude and characteristics.

As might be expected from a visual inspection of Fig 5, the bandwidth has a marked
effect on computed life estimates and damage distributions. Damage rates per hour were
estimated for the flight cogditions of Fig 5 for each of the data bandwidths illus-
tr-ted. A range-mean-pairs analysis was used to produce the stress range exceedance
\cunt shown in Fig 6. It can be seen that relative to the raw data exceedance curve the
v.,9 Hz vandwidth data reduces the stress range amplitude by a factor of 1.5 at the
higher amplitudes and reduces the frequency of occurrence of the lower amplitude cycles
by a factor of 3. The resulting damage distributiorn for the mean life S-N curve of
Fig 6 is shown in Fig 7. The characteristic trend is for the maximum damage to be
shifted to a lower stress amplitude and to be redw:ed in megnitude as the bandwidth of
the data is reduced., The total damage is reduced by factors of 1.2, 2.8 and 12 for the
6 Hz, 1.8 Hz and 0.9 Hz bandwidths respectively.

6.,2,2 Jet Provost

At entry into service the predicted fatigue life of the Jet Provost tin root was
dominated by spinning. Unexpected fatigue failures led to an ad hoc operational load
measurement programme. It was found that although the spins did produce severe struc-
tural activity, in fatigue damage terms, the type and extent of current low-level
training proved more exacting. Based on Jaguar experience the strain gauge amplifiers
of the Jet Provost programme had 40 Hz bandwidth, and fin and tailplane strain gauges
were sampled at 32 samples/s.
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Data from EUMS Mk I1 collected during stalls and spins are shown in Fig 8., It
can be seen that zne stalled wing condition leads to substantial high frequency struc-
tural activity at both the fin and the tailplane and some at the wing root. From the
expanded time history of fin bending moment, Fig 9, it is evident that the raw data can
only indicate the severity of the high frequency loading components during the stall
condition; higher sampling rates and/or bandwidth are necessary for accurate assessment
and to detect individual erroneous data points. The raw data can however be used to
identify such flight conditions/manoeuvres for which a more detailed assessment is
necessary should their frequency of occurrence in the operational spectrum indicate a
significant contribution to the total fatigue life consumption. It is pertinent to

note, from the two lower traces of Fig 9, that this is still evident when the sampling
rate is halved to 16 samples/s.

The section of low-level flight shown in Fig 10 is taken from a 38 minute period
of low flying and represents average amplitudes of gauge outputs during that period.
The dominant oscillation on the fin bending gauge is at about 0.6 Hz and is probably
agsociated with Dutch roll activity. The bursts of activity which grow and decay may
well be initiated by the pilot and/or the atmospheric environment. In this flight con-
dition significant structural activity is for the most part confined (o the fin in
contrast to the spin data above. A portion of *in gauge output was passed through
the same set of numerical filters used in the Jaguar ejercise. The result is shown in
Fig 11. (The =cales used are the same as those of Fig 9.) The 0.6 Hz stress reversals
have superimposed on them varying amounts of high freguency activity which increase the
fatigue damaging ranges. The increase is not uniform since the largest load cycle A of

Fig 11 i3 virtually unaltered wheraas others such as B and C are doubled when frequen-
cies above 0.9 Hz are included.

6.2.3 General conclusions

Low-level operations have been a major contributor to fin fatigue problems on two
aircraft: Jaguar and Jet Provost. In any assessment of fatigue damage throughout the
operational spectrum it is important to use data of sufficient bandwidth and sampling
rate so that fatigue damaging flight conditions/manoeuvres can be accurately identified
and thelr damage contribution accurately quantified. It has been demonstrated, on
Jaguar and Jet Provost operational flying, that empennage fatigue monitoring requires
10-40 Hz bandwidth and 32-64 samples/s. Only then can there be confidence in the calcu-~
lated damage distribution and thus confidence in any read across to fleet lives.

6.3 Hercules

The prime objective of the Hercules programme was to measure wing loads during
take off and landing. The only supportive flight parameter was normal acceleration.
However data were collected throughout the flight. Some large sharp normal acceleration
transients were seen on several flights during low-level support work. These were
studied in some detail in view of the importance of low-level operations.

Current discrete gust requirements have evolved from normal acceleration data
which were reduced to equivalent gust velocities under the assumption that the measured
accelerations were due to the atmosphere. Normal acceleration data such as that of
Ref 13 from the Civil Aircraft Airworthiness Data Recording Programme are frequently
used in the study of cust models and statistics. However the analyst must ensure that
the bandwidth of the raw data is adequate for his analysis objectives The rollowing
example from the Hercules programme shows how limited bandwidth can mask the true
characteristic of the rarer large sharp transients. The data obtained from the EUMS
Mk IX are shown in Fig 12. The local meteorological conditions were reported as /8
cumulus at 1800 feet with a mean wind speed of 17 kn., The transiert at A has the
characteristic of a rotor; the wing strain gauges exhibit a similar pattern. The
derived statistics of the normal acceleration transient are shown in Table 2. These
remain substantially unaltered as the bandwidth is reduced down to about 3 Hz. At
0.9 Hz bandwidth the character of the original transient has been destroyed, the ampli-
tude having been reduced by a factor of 1.3 and the width cdoubled. Reducing the
sampling rate further degrades the perceived properties of the transient. It is impor-
tant to note that these data were obtained at 210 kn TAS. Many civil ond military gust

encounters are likely to be at higher speeds so higher bandwidth and sampling rates
become essential.

The data of Fig 13 are taken from a combat training sortie at low level. %The
manoeuvre of the last 25 s of Fig 13 was repeated some 1% min later but without the
transient loading at A, Of particular interest is the transient at B, almost certainly
due to gust since it is out of character for a deliberate manoeuvr). ‘The maximum rate
of change of g is some 7.5 g/s, the g increment being 1.5 g achieved over a period of
0.375 s. Both this transient and the previous one are comparable, in magnitude and
gradient distance, with the discrete gust of design requirements. Unlegs the conditions
giving rise tc such transients can be identified by the pilot, then the simultaneous
occurrence of the manoeuvre and the transient must be a definite possibility resulting
in a structural load substantially exceeding current design requirements. Research
programmss to study the structural risk of low-level operations are underway as are

programmes to collect atmospheric turbulence data at low level over a variety of
terrains.
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6.4 Sea King

The data of Fig 14 were obta.ned from a EUMS Mk II installation in a Sea King
helicopter and show a rapid turn from rearwards flight relative to the air and ground
which was reported by the pilot. These data illustrate how difficult it can be to
identify some manoeuvres and modes of flying from parametric data. The control angles
shown are pilot demands: these actions together with inputs from the automatic flight
control system give rise to the measured responses. It is difficult, if not impossible
to identify the rearwards flight from these data. Other conditions such as sideways
flight can be equally difficult to identify. If such 'unidentifiable’ manoeuvres con-
tribute markedly to the fatigue life of a component it will be difficult to assess that
component for fatigue unless a direct measurement of the required loading is obtained.

The turn of Fig 14 has an average rate of about 36 deg/s; the pilot has no
instrument to indicate its severity and his physiological cues indicate a fairly benign
environment., Normal acceleration at the rotor station and the tail are very close to
1 g suggesting that the pilot station likewise is at 1 g conditions. The lateral accel-
eration at the cockpit is relatively innocuous but very large lateral accelerations and
forces are generated at the tail particularly when stopping the turn.

Although the EUMS Mk IX functioned competently in the helicopter environment the
same cannot be said for one of the normal accelerometers at the rotor station which
failed after about five flights. The trace, NCS, shown in Flg 14, is from the unser-
viceable instrument on the starboard side while NCP shows dcta from a serviceable
instrument on the port side. The vibration at the accelerometer location produced a
number of short circuited turns of the accelerometer potentiometer near the 1 g position.
This produces a fault easy to recognize visually but difficult to identify
automatically.

The pilot exercise on Sea King, which collected data from 150 f£lights, showed that
the data could be interrogated automatically and analysed even though all airborne/
ground system enhancements currently in use were not implemented. Forthcoming program-
mes on Chinook and Sea King will employ EUMS Mk II equipment.

7 TIMEWISE DATA COMPRESSION

In order to extend the recording capacity of the basic EUMS Mk II, software and
hardware have been developed to implement a timewise data compression algorithm which
does not impair the structural usefulness of the data. Data acquisition systems with
this capap}lity are known generically as Structural Usage Monitoring System (SUMS)
recorders . The incoming data are always sampled at a pre-selected maximum overall
word rate, eg 512 or 256 words/s, and stored in an internal buffer of capacity
3 x 1024 words. The latest 1024 words are examined, on acquisition, for structural
severity by reference to six user nominated 'trigger' parameters. Structurally signifi-
cant flight is presently identified if any one of the 'triggers' exceeds a preset,
programmable, limit. In principle any logical expression which is a function of the six
‘trigger' parameters can be used. If structurally significant activity is deemed pre-
sent then the previous 1024 words of data will be output at maximum rate otherwise only
64 (or a binary multiple thereof, eg 128 or 256) user-selectable words of the ‘024 will
be output. This method ensures that the output data stream contains at les, ¢ s of
pre-event data at high : mpling rate and accurately tracks slowly changing « » con~
ditions. Data are output at maximum rate until quiescent conditions have be. ‘' .ain-
tained for a given, user-programmable interval of time.

SUMS recorders will be used in forthcoming operational load measurement pppgrammes
on Tornado, Buccanz«r, Hawk and Jaguar aircraft. The SUMS recorder for Tornado will
operate at a maximam rate of 512 words/s and will initially be used with a compression
ratio of 8:1, In compressed mode, the 64 words in a second will contain a reading for
each parameter taken from within a narrow time slice. It is expected that the flight
time recorded will be extended from 1} h to about 5 h. The f£irst Tornado SUMS aircraft
is expected to start collecting data in May/June 1984.

8 RANGE-MEAN-PAIRS ANALYSIS IN FLIGHT

During the fatigue analysis of the structural data from the operational loads

measurement programmes, range-mean-pairs (rainflow) analyses are used to identify fati-
gue damaging loading cycles. The loading cycle is subsequently classified by its load
range and mean load level and sorted into class cells whose boundaries reflect the
requirement that each range-pair count in a cell can be assumed to produce a known
amount of damage. The resolution used in the range~mean-pairs analysis must be suf-
ficient to define accurately the boundaries of the matrix cells. The range-mean fre-
quency of occurrence matrix is used in conjunction with a damige matrix to evaluate
accrued damaged., Long-term storage of statistics of the loading environment, for future
agsessment, demands that only the structurally significant features of each load history
be retained. The range-mean matrix provides the necessary basis (section 2.2).
Clearly, producing the frequency of occurrence matrix in the air can reduce ground pro-
cessing costs in the operatiocnal load measurement programmes if suitable load histories
are defined a priori. Airborne analysis is a necessary prerequisite for the advanced
fatigue monitor of section 2.2.
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The microprocessor of the Hercules ZUMS Mk II has been programmed to perform in-—
flight range-mean-pairs counting on all fifteen channels of data (14 strain gauges plus
normal acceleration) in addition to its basic EUMS Mk II functions.

The occurrence matrices are accumulaced in solid state memory and written to com-
pact cassette at the end of the flight. The cassette therefore ccntains tho raw data
plus the results of in-flight analysis. Ground analysis has confirmed the correct func-
tioning of the airborne computation.

The digitised loading data in a fatigue load monitoring system must encompass
limit load conditions, At the same time the data must have sufficient resolution to
cater for a varjety of S-N curve shapes and low fatigue endurance limits
{eg £1000 1b/in", £5.9 MN/m“ ). To achieve this without introducing correction3 for the
grouping of the peak and trough values by the digitisation process, 256 resolution
levels (8 bits) are peeded. At 64 resolution levels substantial corrections for group-
ing will be required. The EUMS Mk II has an 8 bit microprocessor and therefore the
data were reduced from 10 bits to 8 bits prior to range-mean-pairs analysis.

A typical frequency of occurrence matrix recovered from the cassette tape is shown
in Table 3. 1In this installation, the cell boundaries of the matrix were tailored to
produce accurate estimates of damage due to low amplitude loading cycles postulating a
low endurance structure. The cell sizes for the higher amplitude loading cycles are too
large to allow exact calculation for any one flight because the counts per flight would
be very low. However when many flights are summed, it is reasonable to assume_that the
counts, within a cell have a statistical distribution. The airborne algorithm™
ensures that the largest amplitude cycle is separately identified as peak/trough values
thus permitting a more detailed assessment of the effects of the once~per-flight loading
cycle. Many more cells would contain counts during a severe flight.

9 CONCLUSIONS

The UK philosophy adopted in its operational load measurement programmes involves
direct structural load measurement via strain gauge installations. These are supported
by a flight parameter fit to identify the causes for high fatigue damage rates. Strain
gauge installations have proved reliable in operational sevvice.

The Engine Usage Monitoring System (EUMS Mk II), developed in the first instance
for engine monitoring, has been used to collect the structural operational data on com-
pact cassette. The system has been shown to work well in a number of different opera-
tional environments. The system is controlled by a microprocessor and can be tailored
by software changes .o meet specific requiresments of a programme. The spare computing
capacity of the microprocessor can be used for in-flight processing of the incoming data
stream. In a particular application, range-mean-pairs analyses of fifteen data channels
weve performed and the results written to compact cassette at the ond of the flight.

A derivative of EUMS Mk II known as Structural Usage Monitoring System (SUMS),
has been developed to extend the flight time capacity of the compact cassette. In SUMS
the microprocessor is used to effect a timewise data compression algorithm which does
not impair the structural usefulness of the data. It is planned to use this data
acquisition system for operational load measurement prcgrammes on Tornado, Buccaneer,
Hawk and Jaguar.

Data replay and analysis procedures have been developed to ensure that fault
diagnosis and error correction can be controlled in the operational environment. The
operational loads measurement programmes to date have, in virtually every instance,
directed structural analysts to flight conditions/activities in which the structural
penalties had not been fully appreciated. The programmes can provide a wealth of infor-
mation on pilot operating techniques and the perfcraance of automatic flight controls.
This information can be used to produce design and uperating recommendations that will
conserve fatigue life with a negligible operational penalty. The programmes clearly
demonstrate that different parts of the aircraft suffer fatigue damage in different
operational activities and show that accurate fatigue life monitoring at many locations
is essential to cost effective planning of fleet utilization.
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* ; EXPERIENCE WITH EUMS MK II IN OPERATIONAL LOADS MEASUREMENT PROGRAMMES i )
' § !
H .. Adrcraft No. Progranse dates Word discard rate Patametprs }
i
L . A Sea King 1 September 1980 - April 1981 | 3 in 1000 Flight response and control data, rotor i
; ¥ rev/ain and engine torques. i
' 1 Jaguar 2 June 1979 - May 1980 Data unusable Three channels strain data on espennags, .
: June 1980 - September 1981 | 1 in 100 height and speed. }
? Hercules 1 December 1980 - April 1983 3 in 1000 (start) | Fourteen channels strain data on wing, !
3 1 in 10000 noraal acceleration. !
' Jet Provost 2 October 1381 =~ April 1982 1 in 10000 £ight channels strain data on expennage (7}, 3
. to 100000 and wing (1), normal and lateral (tail) i
; acceleration. .
1 N Sea King 1 Novesber 1983 - Flight response and control dats, rotor rev/ '
, ain, engine torque., tail rotor torque, one
i strain gauge channel on asirframe (choice of
thres switchadle). .
i
Table 2
EFFECT OF BANDWIDTH AND SAMPLING RATE ON THE CHARACTERISTICS OF THE
‘ HERCULES TRANSIENT ‘AT OF FIG 12
Sampling rate Sampling rate
16 samples/s 8 samples/s
¢ Transient
: characteristic Bandwidth of data Bandwidth of data
) 15,5 Hz* | 0.9 Hz | 15.5 Hz 0.9 Hz
{ | g peak - g trough| 1.69 1.23 1.62-1.69 | 1.21-1.23
(g units)
* paak - time troughl 0.344 0.719 0,375 0.75
.-~ adsg)
1
§ a - -
' § Bt 1eax 7.84 2,72 6.8-7.68 2.56-2.64 )
{ : (g units/s)
: ‘
; s *The raw data has bandwidth 15.5 Hz and were sampled at 16 samples/s. g
5
! {
£
g Table 3
£
g HERCULES: RANGE-MEAN-PAIRS COUNT OF A WING STRAIN GAUGE
g Hatrix for Channel 13 HERCULES: RANGE-MEAN-PAIRS COUNT OF A WING STRAIN GAUGE

:
1
%‘ Range in digits !
£ 10- 12+ 16 20- 24= 28- 32~ 40~ 48~ $6= 64~ 80- 96= 112- 128~ 1A= 160~ 176~ 192- 208~ 224~ 240~ t
OIS 19 23 21 3 39 A7 35 €3 79 95 1 127 1A 358 175 IS 207 223 239 255 i
3 o-31f 06 o o 0 0 o0 0 ©o 0 O :
g 32} 6 06 0o o 0 © 0 0 o0 0 0 0 O {
2 —|n 6-95]t7 22 9 1t 0o o o o © o 0o 0o o 0 o o o0 O 3
s %% £ %1221 4 0 1 0 ©o v 0 0 o o0 1 0 O o0 o0 o o o o0 o O 4
‘ %5! ans-159]76 80 23 7 3 0o o o o o o|o o o o o o o o 0
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Fig 12 Strain gauge outputs and normal acceleration on Hercules:
altitude < 1500 ft, 3/8 cumulus at 1800 ft and mean wind 17 kn
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Fig 13 Strain gauge outputs and normal acceleration at cg measure. on Hercules during

a combat training exercise: IAS 2 210 kn, altitude <1500 ft
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THE F-15 FLIGHT LOADS TRACKING PROGRAM

J. T+ Johnston
Branch Chief - Technology = Structural Dynamics and Loads

and

R. E. Pinckert/Branch Chief - Technology ~ Strenmgth
Re A. Melliere/Unit Chief - Technology — Strength
McDonnell Aircraft Company
McDonnell Douglas Corporation
P.0. Box 516, St. Louis, Missouri 63166
UsA

SUMMARY

The F-15 flight loads tracking program 3$s a vital part of the USAF "Aircraft Structural Integrity
Progran (ASIP)." *

The tracking program consists of four phases; data collection, data reduction, fatigue damage
analysis, and fleet management. Data collection is accomplished with a multi-channel recorder and a load
factor (g) exceedance counter. Twenty percent of the fleet is equipped with the multi-channel recorder
and every P-15 has a g exceedance counter installed. After the fleet data have been reduced by the Air
Force it is seat to McDonnell Aircraft for conducting fatigue damsge analyses. Quarterly “Service
Alrcraft Fatigue Estimate (SAFE)" reports inform the Air Force how much fatigue life has been expended on
each aircraft. These reports are used for establishing inspections and aid in fleet management of the
F-15 Ragles.

This mature program, approaching 1,000,000 £light hours, has been valuable for solving in-service
structural problems, understanding why the problems occurred, developing repairs, and for redesign.
Future aircraft design will also benefit from this information.

1. INTRODUCTION

The F-15 flight loads tracking program is an on-going process for recording flight parameters for
operational aircraft, converting those parameters into "airfreme load forces” applied to the aircraft
during flight, and calculating the percentage of structural fatigue 1ife expended. Through ASIP, the
customer can evaluate aircraft mission utilization and maintenance scheduling requirements.

Specifically, the P-15 ASIP is a comprehensive plan centering around four important objectives:
o To establish, evaluate, and substantiate airframe strength and durability (structural integrity).

o To assess continuously the in-service integrity of individual airplanes by utilizing operational
usage data.

o To provide a basis to establish logistic support and aid in planning future afrcraft utilization
(maintenance, inspection, supplies, rotation of airplanes, and system phaseout).

o To collect usage data to aid in development of iumproved structural criteria and wmethods of
design, evaluation, and substantiation for future aircraft systems.

The first of the above objectives, structural integrity was attained during the design, test, and
development phase of the F-15. The F~15 Flight Loads Tracking Program, shown in Figure 1, contributes
directly to the remaining three objectives.

Exceedance
SDRS Counter Set
25 Hours
| Cassette jag=
I Tapes
A
SDRS Exceedance
Data Counter Data
Reductlon Reduction
(Tinker AFB) R Fatigue (Robins AF8)
(McDonnell Alrcraft)
Quarterly Reports of
Lite Expanded on Each Alrcraft
{McDonnell Alrcraft)

v

Fleet Managemant
{Wing Commanders and
System Manager)

¢ —— — —— —

— -
i Future Alrcraft Design  |e@
o o c—— — — c— v ol

L]
22CFR125.11(a) Applicable Figure 1. F-15 Flight Loads Tracking Program
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2. DATA COLLECTION i

The data collection phase is one of the crucial parts of the flight loads tracking program for the
remaining phases are only as reliable ag the data collected. Since the establishment of service-life ; .
expectancy is dependent on the accuracy of the loads spectrum and actusl aircraft utilization, the '
ajrcraft requires a wmultichannel recorder system. On the F-15, data is collected utilizing a #
multichannel Signal Data Recorder Set on 20 percent of the fleet and a load factor exceedance counter
recorder on 100 percent of the aircraft. These two units are shown in Figure 2.

Tapo Cassette (Left) Records Twenty-Two Flight Data Points Gathered by the Multichannel Signat
Data Recorder Set/SDRS (Center). The Excesdance Counter Set (Right) Rscords Positive and

Negative “g". AP300002
“ Figure 2. Signal Data Recorder Set sud Excesdance Counter Recorder
ﬁ In the initial design phase, MCAIR conducted trade studies to determine the optimum concept. The
loads equations for all major structural components was the starting point. These equations defined all ‘

the flight parameters, control surface positions, angles, rates, accelerations, dynamic pressures, Mach
numbers, etc. needed for design of the airframe. Then through regression analysis, data was deleted
until the level of quality results dictated the number of data required. In addition, other forms of
direct measurements were investigated, such as scratch gages and uncalfbrated strain gagec. These were
deleted after consideration of the environmental conditions that exist wlhere the gages would be placed
and the relliability of such instrumentation. MCAIR continues to study the optimum method of obtaining
flight information for generating loads information. To date the F-~15 approach is still considered to be
the most economical and reliable method.

The SDRS automatically records significant flight parameters and control surface positions. A total
i of 22 flight parameters, shown in Figure 3, are recorded continuously. Note that the sampling rates (the
. times a parameter is recorded per second) vary depending on the rate of change a:d fmportance of the
parameter. With these data, loads time histories can be computed on any of the major structural
components. Currently, loads are generated for the wings, stabilators, vertical tails, ailerons, and the
forward fuselage. Other locations can be included with the change in the computer program. For exauple,
there is currently a change in progress to add another fuselage station to the program.

;o e o

(flight date, mission code, aircraft serial number, squadron number, and weapon identification) is

manually entered by the pilot or ground crew before each flight. All other data is automatically

| recorded. When the magnetic tape in a cassette has been expended, the cassette 1s removed by the using
i command and sent to Tinker AFB for reduction.

u 1 The SDRS 1ecords the data on a cassette with a 25~hour recording capability. Documencary data

! The Exceedance Counter provides individual aircraft load factor data. It consists of an 1
accelerometer transducer located near the aircraft's nominal center of gravity and a counter display '
‘ unit. The transducer continuously meagures the aircraft normsl load factor while the counter display
unit automatically records and displays the number of times the aircraft ras been gubjected to each of
‘ seven load factor levels; three negative (=2, =1, 0) and four positive values (3, 4, 5, 6, and 7..).

Exceedance Counter rveadings, together with flight log information, are recorded manually by the i
using command after each flight. The forms have been designed in such a way that they can be read
| autonmatically through the use of optical scanning equipment. Completed forms are sent to Robins AFB for
4 data reduction.

ety =

The mission type and aircrait gross weight affect the amount of damage caused by a given load factor
| . occurrence, Therefore, flight log information recorded on the forms includes data necessary to assoclate
load factor occurrences with mission type and average aircraft grcss weight. The couwbination of load
| . factor occurrences, aircraft gross weight, and mission type for a given flight is converted to percent of
{atigue crack growth 1ife expended during the “fatigue damage analysis phase” of the flight loads
tracking program,
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As major aircraft p s are ch d they are recorded by the using command and the records
forwarded to Robins AFB for data reduction. This provides the way to monitor the fatigue damsge on
individual serialized aircraft components which were removed for repair or overhaul and installed on a
different aircraft or on the opposite side of the ssme sircraft.

Signa! Source

Centrat Date
. Computer Misslon Number - -
: Afrcraft Serial Number - -

Alrcraft Parameter

Squadron —_ -
Altitude ft 1
Velocity kts 1 '
b Angle-of-Attack deg 10
: Waeapon Count ltem/Station 1
Vertical Velocity ftisec 5
Guntirs Rounds 1
e Anral 9 2
Counter
Aut { Stabll Deflection - Right  deg 10
;"gth:mcomml Stabilator Deflection - Left  deg 10
4 Control Augmentation on-oft 1
System {3 Axls)
Fuel Gaging Fuel Quantity b 1
System
Alrcraft Alleron Deflection - Right* deg 0
Sensors Alleron Deflection - Left* deg 0
Rudder Deflection® deg 10
Speedbrake In-Out 1
Wheels Up-Down 1
glgt:al Roll Rate Olsec 30
by Pitch Rate O/sec 15
Recorder Yaw Rate Onec 10
Roll Acceleration radisec? 30
4 Lateral Acceleration g 5
Longitudinal Acceleration g 5
Time secC 1
Total 238
. thess were added to the alrcratt specifically for the SOR

Figure 3. Flight Parameters Continuously Recorded on SDR Cassettes

3. DATA REDUCTION

Tinker AFB processes the SDRS cassette tapes using ground playback equipment and computer progiaus.
The first step is to reformat the signal data into engineering units and transcribe onto a computer
compatible magnetic tape, edit nonsignificant data such as non-maneuvering data, and identify erromeous
data such as malfunctioning transducers. The compatible tape is then processed through an IBM computer
using the F-15 Operational Flight Loads Computer Program (OFLCP) to generate the applied loads, solve for
the internal loads, and generate stress spectra and summary tables of average usage. A flow diagram of
this prooess 1s shown in Figure 4. v

Exceedance Counter/flight log data and cowponent tracking data is reduced by Robins AFB persomnel.
Optical scanning equipment is used to extract data from the forms. The Exceedance Counter/flight log
data is then checked for validity and arranged into a flight-by-flight time sequence using a computer
technique.

RESAEVMIEITRTET Y DM AR D ire R

Periodically the SDRS data reduced by Tinker AFB, and the Exceedance Counter/flight log data and
component tracking data reduced by Robins AFB, is sent to McDonnell Aircraft Company for fatigue damage
h analysis.
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Figure 4. F-15 OFLCP Functional Flow Dlagram H 1

4+ PATIGUE DAMAGE ANALYSIS

The F-15 fatigue damage analysis involves determining how much aircraft fatigue crack growth life 4

has been expended by the wear and tear of day-to-day missions. Initial flaws are agsumed to exist at ' '
critical locations throughout the aircraft. The flaw growth is tracked using analysis spectra developed
from SDRS data and Exceedance Counter/flight log data together with the Contact Stress crack growth model
of Dill and Saff (Reference 1). The Contact Stress model accounts for residual stresses caused by peak
overloads and for crack growth retardation caused by crack tip plasticity and subsequent crack closure
stresses. The fraction of crack growth life expended (the accumulated damage) is expressed as a crack
growth damage index, where a damage index of 1 indicates that the assumed initial flaw is predicted to
have propagated to its critical crack size in the structure. Damage estimates for 16 locations (Figure
5) on each aircraft are made using a computer program which determines and totalizes the damage for each
maneuver. This is accomplished using stress spectra developed from Exceedance Counter and SDRS data.

ETLIISPPAA TEHE 0 by oo swemngen o N on

j ; For locations which have a primary relationship to vertical load factor, (Nz), e.g., inner wing

2 locations spectra are developed from Exceedance Counter data available on a flight-by-flight basis from

the flight log forms reduced at Robins AFB. Each recorded load factor is converted to a stress, based on

the migssion type and aircraft gross weight for the mission. The conversion from load factor to stress is

based on stress/load factor relationship developed from SDRS data. A representative stress spectrunm

: developed from Exceedance Counter data for each flight is shown in Figure 6. The highest load factor is

y : coupled with the most negative, and the next highest with the next lovest, etc. After using up all

} negative occurrences, the remaining positive occurrences are couplud with a preset stress level repre-

. ; sentative of a 1.0 g occurrence. Similar stress spectra for each flight are then processed through the
‘ £ danage computer program to calculate incremental crack growth damage for the flight.

For locations which do not have a primary relationship to Nz, e.g., aileron backup structure crack
growth damage is determined using flight log and Exceedance Counter data supplemented by average damage
rates obtained using SDRS data.

Damage for individual removable aircraft components is tracked with the aid of component tracking
information reduced by Robins AFB. Damage accumulation estimates are updated and reported quarterly to
the Air Force by McDonnell Afrcraft Company for each operational F-15 aircraft.
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Figure 8. Typical Flight Profile Developed From Exceedance Counter Data
5. SAFE REPORTS
Quarterly Service Aircraft Fatigue Estimate (SAFE) reports are pr d by McD 11 Afrcraft

Company and submitted to the USAF to inform them as to how much crack growth damage has accumulated on
each aircraft f{n the fleet. The SAFE reports present summary tables listing the damage indices and
inspection projections. Crack growth damage indices are calculated frr 44 locations on each aircraft.
The 44 locations include the 16 direct locations identified in Figure S5, for which spectra are available
from SDRS and Exceedance Counter Data, plus 28 adjacent locations. Crack growth damage indices for the
28 adjacent locations are obtained from the 16 direct locations through the use of transfer functions
which relate damage at the adjacent locations to damage at the direct locations. Pigure 7 presents en
example 1listing of a SAFE report damage index table for the 16 direct locations. Damage indices are
ligted for the current quarter (previous 3 months) as well as cumulative to date. Inspection projections
for each aircraft are made on the basis of the individual damage index for each location and an assumed
damage accumulation rate. For projecting inspections at a given tracked location on a given alrcraft,
the average damage accumulation rate for that location and average flight rate for the squadron are
asssumed. Inspection projections for each ajrcraft and location are listed in the SAFE reports as shown
in Figure 8.
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Fleet Summary of Damage indices for Direct Locations

Last Reporting Date - June 1983
Outer Fud
Alrchatt laner  lnnes Alarcn Stabllator  Stablator Vertical  Damage
Swal |To ACCOR g Wing Wl mackp  COML FROTS Cspaoie Spiade Tl Accumaiaton
Number Lug Skia Spar Structure Langeron Upper Lower Root Patiod
760190 1,584 L/H 03485 01794 00312 03175 01081 01984 00759 00705 0.1700 Cumto
R/H  0.3576 01860 0.0875 03246 - - 00309 00743 0.1753  Oate
LR 00165 00087 0.0053 00150 00052 00034 00033 00025 00073  Current
R/H 00163 00032 00054 0.0153 - - 00037 00033 00073  Quarter

GP430000-7

Figure 7. Safe Report Example - Damage Index Summaries

Inspections Required Within Next 10 Years

Last Reporting Date - June 1983
Alreratt Cum Alrcraft Next Projected tnspection Date
Sorlal Location Gamags Totsl N
Number Index Hours Alrcraft Hours  Guarter foat
760190  inner Wing Lug L/H 0 3476 1,564 4,532 1 1993
inner Wing Lug R/H 03486 4,491 4 1992

GP4300004

Figure 8. Safe Report Exampla - Inspection Projections

SOLUTION OF IN-SERVICE PROBLEMS

The SDRS data is also used frequently to assist in solving F~15 structural problems that occur

in-gervice. Based on SDRS data, engineering analyses can be performed to determine why cracking occurred
in-gervice, and to determine how a retrofit or desigan change should be fmplemented to prevent similar
problems in the future.

The following eramples of how SDRS data was used to solve in-service problems show how very

important the information is in assessing fleet usage and in performing fatigue analyses of the F-15:

o Upper-Inner Wing Skin Buckles - SDRS analyses of wing bending and torsion provided info:mation to

determine the cause of upper—inner wing skin buckling. As a result, skins were beefed-up on
future models, and a caution notice was published warning the pilots about excessive overloading
of the airplanes. An aural Overload Warning System has since been developed to warn the pilot of
an approaching overload condition.

Vertical Tail Buffet ~ SDRS data was used to define the angle-~of-attack where unsteady flow from
the wing impinges upon the vertical tail and results in fin buffet (Figure 9). After performing
loads and fatigue snalyses and conducting tests, changes in the upper vertical tail design were
made to reduce the probability of structural cracking.

Upper—Quter Wing Buffet - Analyses of upper-outer wing skin cracking were performed using SDRS
data as a basis. The primary cause of the cracking was the eavironment resulting from local flow
separation. Design changes based on fatigue analyses and tests have since been made to the
upper—outer wing skin and some wing ribs.
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7. FLEET MANAGEMENT

One of the objectives of the F-15 flight loads tracking program {s to aid in fleet management. This
is accomplished in two ways:

o Usage data provides the means to assess effects cn remaining fatigue life when a nevw mission io
dictated for all or part of the fleet.

o Usage data provides the means to assess effects on remaining fatigue life when a new mission is
dictated for all or part of the fleet.

o The quarterly SAFE reports identify to the Wing Commander and the System Msnager (Robins AFB) by
tail nuwber how auch crack growth life has been consumed by prior flight history. The Wing
Commander, at his discretion, can schedule his aircraft missions to even out crack growth life
consumption. This way involve reassigmment of an aircraft to missions where the usage is less
strenuous. The Wing Commander will also be able to schedule major complisnce more effectively.
Similarly, the System Manager can use the damage indices to schedule aircraft for Analytical
Condition Inspections (ACI). The SAFE report iuspection projections are used to tailor the
fleetwise fatigue lnspections for critical areas to the usage of each individual aircraft. The
inspection manuals are updated quarterly to 1list those alrcraft and those locations that are due
for inspection during the next calendar yuar.

8. FUTURE DESIGN

The flight measured loads data collected in the F-15 and in other fighters flight loads tracking
programg will be of considerable help in establishing requirements for future fighter designs. In 1969
when the F~15 requirements were established, we had only Jlimited load factor data. Now, we have an
understanding of the relationship between pitch-roll-yaw al speeds, altitudes, and gross weights for
different missions. The next USAF fighter will benefit from this information.
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STRUCTURAL LOAD HEASURE';ENTS O A NORTHROP NF-5A

Yy
D.J. Spiekhout
National Aerospace Laboratory NLR
Antheny Fokkerweg 2, 1059 CM Amsterdam
The Netherlands

SUMMARY

Load measurements were carried out on an NF-5A afrcraft {nstrumented with a large number of strain
gage bridges in the wing and the %ail surfaces.
Measurements included:
* Specific stationary manoeuvres
* Specific dynamic manoeuvre conditions
* Complete mission segments typical for RNLAF-operational conditions.

Using ground calibration results, recorded strains were converted to sectional loads and with flight
parameters like V, H, acc. etc. stored in a Structura) Load Data Base (15 flights covering 7 configurations
and 715 measuring runs). By means of an interactive computer program the data stored fn this data base are
easily accessible. The results can be presented in tables or in graphical form.

The Data Base may be used to evaluate the effect of changes in operational procedures, stores and store
configurations on the fatigue ioad experience in various structural areas.

The paper gives a general description of the instrumentation used, the data handiing and the flight
conditions that were recorded.

The possible use of the data base is i1lustrated by means of a number of examples.

1. INTRODUCTION

In the desfgn of modern fighters fatigue is an {important ftem. Based on a number of desfgn assumpt-
{ons with respect to usage and loading environment a crack free service 1ife has to be determined. More
recently, the damage tolerance concept has been introduced, in which inspection intervals have to be
determined in such away as to find a growing crack before {t becomes critical, Ouring the Tife of a
fighter the usage and loading environment may change because of changes in role or tactics. This has also
been experienced with the NF-5 aircraft and for this reason a load monftoring system using counting
accelerometers has been active since several years. One of the disadvantages of the count{ng accelerometer
is that no information is collected about the sequence of the load peaks. Furthermore, the actual strain
:1'1‘ a Rti?ue critical part is dependent on load factor and other quantities such as total mass and mass

stribution,

Main goal of the presently described f1ight program was to get more information about wing loads and the
load distribution over the wing.
Of spectal interest is the correlation between load factor and strain at critical locations. Sectional
loads have been calculated from recorded strains for four wing sections.

In addition, strain histories in some fatigue critical locations were recorded.

Besides loads of the wing, vertical and horizontal stabilizer loads have been measured in the piogram,

In the flight program a large number of measuring runs have been recorded during 15 flights, Besides the
normally used mission segments i{n the operational task of the NF-5 a large number of specially prescribed
manoeuvres have been flown, After data processing and convertion to engineering units the information has
been stored in a data base, which is available for further analysis. In chapter 2 the instrumentation
will be presented, whereas in chapter 3 the data processing will be discussed.

The flight program and appiication of the data base will be presented in chapter 4 and 5 respectively.

2. INSTRUMENTATION

in order to be able to do various flight trials, including e.g. certification of new external stores,
one NF-5A of the RNLAF has been equiped as a test-afrcraft, figure 1. This equipment includes an extensive
instrumentation package. In addition, an "instrumented wing" is avaflable, which was mounted to the test
afrcraft for the presently reported measurements.

During manufacturing of the wing at Canadair a large number of strain gage bridges have been in-
stalled. Further an instrumented boattail with strain gage bridges in the horizontal stabilfzer was
available and has replaced the original one.

For measuring oads on the vertical stabilizer strain gage bridges have been instailed by NLR.
The total instrumentation package used for the present measurements can be divided into the following
groups:
- Basic {nstrumentation
- Strain gage bridges at wing, horizontal- and vertical stabilizer
- Instrumentation to check the quality of the recordings
Full 14sting of the recorded parameters is presented in table 1.

2.1 Basic instrumentation package

From the avaflable instrumentation fn the NF-5A test aircraft a selection has been made in order to
measure the aircraft movement, attitude and configuration of the asrodynamic controls. The movement and
attitude of the aircraft is defined by speed, altitude, three Tinear accelerations and three attitude
angies. The aerodyamic configuration of the aircraft is defined by the position of the control surfaces.
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2.2 Strain gage bridge instrumentation

The so called "instrumentod wing™ has been supplied with a large number of strain gages and associ-
ated wiring durfng manufacturing of the wing at Candafr Montreal. The strain gages were situated in four '
wing sections, namely 32 LH, 32 RH, 68 RH and 104 RH, see figure 2. The strain gages were manufactured by s
Baldwin. By internal wiring full bridges with four active strain gages were made. In most cases the
bridges are located two by two giving prime and spare bridges. Further the configuration of the bridge: is .
such that some bridges are especially sensitive to vertical shear force, others to bending moment or
torsfon roment in the wing, see figure 3. In addition two half bridges have been installed by NLR at wing !
section 11 LH. The location of one of these bridges has also been used in strain measurements during '
actual operatfonal flight with an NF-5. These bridges were manufactured by TML. In total 63 bridges were
available in the wing. In the present program the output of 40 strain gage bridgas was recorded,
respectively 2 at WS 11, 10 for both inboard wing stations and 9 for both outboard stations. In the
instrumented boattafl a total number of 22 full bridges was available, For the present program it was
decided to use one bending and one shear force bridge in both the LH and RH horizontal stabilizer. The
purpose of using the output of these bridges was to get an impression of the loading environment of the
horizontal stabilizer during the different measurements.
In this case again Baldwin gages have been used.
The last group of strain gage bridges are located at the vertical stabjlizer. These bridges have been
instatled by NLR using strain gages manufactured by TML. Besides one bending~ and one torsion bridge,
which were full bridges, also three half bridges have been used near the fin skin fillet radius, This is
one of the points of concern in the structure of the NF-5 with respect to fatigue.

2.3 Instrumentation to check the quality of the recordings

For this purpose four channels have been used. Besides three channels for monitoring the supply
voltages (10.2 V) of the strain gage bridges fn wing and stabflizers on one channel a trapezium shaped
signal, which is generated continucusly was recorded.

Furt?er.gwo temperature sensors were installed at the lower and upper skin of the LH wing at wing
station 75.

2.4 Signal conditioning and recording instrumentation

Signal conditioning consisted of signal filtering and signal amplification. For the strain gage
bridges analog 20 Hz filters were used with a decrease in sensitivity of 12 dB/octave for higher
zrequenc(iies. For the acceleration signals 5 Hz filters with a decrease in sensitivity of 24 dB/octave have

een used,

Data were recorded by a PCM {Pulse Code Modulation) recorder on a 16 track magnetic tape with a width of
one inch. The PCM recorder has been manufactured by Radix Telemetry Corporation and has the capability of
recordil;g ug ttz(i’ 72 channels with a sample rate of 138 times per second per channel. The word length of the
system is 1 ts.

3. DATA PROCESSING AND GROUND CALIBRATION

In this chapter the data flow wiil be described shortly from recording on the PCM recorder until
storage of the data in a data base. Data reduction is very important in order to reduce computer time and
permanent file costs in the subsequent data processing and analysis of the measurements in the future,

3.1 Data processing

In figure 4 the data flow is presented.
In the program no continuous recording is performed, Before each measuring run the pilot had to switch the
PCM recorder on, Without any data reduction the total amount of data should be very hard to handle and the
computer time needed will be high. Therefore data reduction was very important. The different steps in the
data flow will be explained shortly.
After each flight the PCM tape was removed from the aircraft and traces were made by means of a quick look
facility of the following parameters: vertical acceleration, speed, altitude, flaps/event marker, PCM test
signal and the 3 monitor bridges for the power supply of the strain gage bridges. This quick look plot was
used by pilot and project engineer for checking the quality of the recordings and in order to judge if the
objectives at the different runs has been met. If so the PCM tape was sent to NLR.
As a first step the PCM tape was converted to computer compatible tape for the NLR Cyber computer. At the
same time, time histories were made of the parameters: vertical acceleration, altitude, speed, flaps/even
marker, temperature lower skin, one bending bridge of wing station 11, horizontal stabilizer LH and ver-
tical stabilizer. The plots included more parameters and were of much better quality than the Quick Look
plots mentioned earlier. Along the X-axis a time scale was presented using framecount numbers. Reference
Tines on the plot made measurement of the magnitude of the various signals possible, The project engineer
selection from this plot the relevant parts of each run for further data processing. From the original
recorded data of 229 minutes a reduction to 91.5 minutes was reached. At the same time the sample frequency
of the PCM recorder was reduced with a factor of four to 35 times per second. This sample rate was con- ,
sidered sufficient as structural responses in modes with frequencies above 5 Hz were expected to be
negligible. The next step in the data processing was performed by a computer program called "LOADMES". ’
This program performed a convertion to engineering units for all parameters. Also for each sample the
total mass of the afrcraft was calculated. This parameter was not recorded, ‘herefore the pilot made
recordings by hand uf the fuel consumption at the end of each measuring run.
Also the take off mass of the aircraft was known. By linear interpolation between the “measu ing points“
the instantaneous mass of the aircraft has been calculated. Further the computer program calculated the :
sectional quantities as moments and forces for the wing and stabilizers using the output of the strain :
gage bridges. The relations between strains and sectional loads have been determined in ground calibration
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tests which will be discussed in chapter 3.2, More datails of these calibratfons are presented later,

A third data reduction was achfeved by decreasing the number of parameters to 38. It was decided to store
in the data base for the four main wing stations only the derived shear force, bending moment and torsion
moment, rather than the output of all the individual strain gage bridges. For the vertical- and horizontal
stabilizers the came approach has been taken. In total only three strains are stored: namely two at wing
station 11 and one near the critical radius of the vertical stabilizer.

Also the monitoring bridge signals and the PCM test sfgnal were deleted from the data base as they only
served to ensure data quality in earlier steps. In table 2 the resuliting list of parameters which are
stored in the data base for each sample is presented. The total amount of data actually stored is only

§ percent of originally recorded data,

It should be mentioned here that the original PCM tapes are kept in the archives of NLR.

If necessary the informatton can be made available for research in the future.

3.2 Ground calibratfon

For calibration of the strain gage bridges in wing and stabilizers ground tests were performed. By
actually loading the aircraft structure relationships between the output of the strain gage bridges and
sectional quantities as shear force, bending- and torsion moments could be derived.

For the wing an extensive ground calibration has been performed at the NLR facility in the North East
Polder. The wing box Structure was loaded by pulling down the center section of the wing by a hydraulic
cilinder on two columns with pads, which were placed symmetrically at left and right hand side under the
wing. Symmetrical loaaing over both columns was ensured by a substructure connected to the four attach-
ment points of the wing, which allowed free "rolling" of the wing, see figure 5. Loads have been applied
at 48 loading points using combinations of roughly 6 wing stations and 7 chord wise positions, see
figure 6. After installation of the wing on the aircraft an additional limited ground calibration was
performed using less loading points,

The measured relations between strain bridge outputs and known applied sectional 1oads were used to
terive "best fit" equations to calculate sectional loads from strains. As an example, table 3 gives the
derived coefficients for one wing station.

For the vertical stabilizer a ground calibration was performed using a substructure which loaded the
central spare area with a compression force and at the same time the upper rudder hinge with a tension
force. In this way reection forces on the calibration rig were kept small. Both forces could be applied
simultaneously by one compression force op the substructure. In total 9 loading points have been used.
Three of them introduced pure bending, four pure torsion and two combinations of bending and torsion
at loading points similar to Northrop design conditions. As a result coefficients for calculating the
sectional quantities from the recording strains were found. It was found that for smaller bending
moments a large part of the bending moment was transferred by the attach angles and formers into the
fuselage. The same had been observed in similar measurements carried out by the CAF in Canada.

For the horizontal stabilizer the ground calibration was performed by loading the stabilizer by means
of a pad. Loads have been applied at 5 loading points at left- and right hand stabilizer using 3 stabilizer
stations and 3 chord wise positions.

Again coefficients for calculating the sectional quantities were derived.

4.  FLIGHT PROGRAM

The main purpose of the present program was to get more knowledge about wing loads and load distri-
butions over the wing of the NF-5 during operational RHLAF usage of the aircraft.
The load and load distribution is dependent of configuration and type of manoeuvre.
So the flight program had to cover the configurations and manoeuvres flown {in the annual training program
gf t:nlz RNLAF. In this chapter the selection of configurations and manoeuvres will be described in more
etail.

4.1 Selection of configurations

In general a store influences the loading of the wing in the following ways:
the additional mass of the store increases the total mass of the afrcraft which has to be compensated by a
larger total 1ift force on the wing. Besides this overall effect the store loads the attachment point with
a point load due to its mass. These loads in combination with the aerodynamic drag forces may deform the
wing and change the 1ift distribution over the wing.
From a 1ife monitoring program usfng counting accerlometers, the normally used configurations were known.
In all configurations tiptanks were used.
Three configurations covered 96 % of all flights. These configurations had two 150 gallon tanks at inboard
and at the center 1ine pylon: none, one 150 gallon tank or a rocket bomb dispenser. Further an increased
usage of the configuration with only one center line store was noticed. In order to make it possible to
compare results with Northrop f1ight tests with the NF-5A aircraft, the configurations with only 5 pylons
and the one with two 275 gallon fuel tanks at inboard pylons had to be taken into account.
In addition two more “extreme" configurations were used, namely the 1ight clean configuration, no pylons,
and a very heavy one with stores at the outboard pylons.
The clear configuration may be used as a reference condition for presenting the influence of stores. Stores
with other mass configurations may be simulated by chaning the fuel quantity in the tanks.
In table 4 the whole “range" of configurations is presented.

4.2 Selection of manoeuvres/flight segments
For the present program 15 flights were available. Taking into account the avaflable flight time for
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each configuration and the “"configuration mix" an overview of measurements to be flown has been made, see
table 5. A number of groups can be distinguished, namely:

* 1 (1-4) A few measurements which were made for each flight. From the "zero g" measurements the
reference conditions for the strain gage bridge will be derived, The ground runs and the combination of
zero and one of runs allow checking of a proper function of the strain gage bridges. The in flight yuns :

were made at 10000 ft with a velocity of 400 KiAS. i

* 2 (5-20) A number of load factor values were measured during symmetrical pull up/push over manoeuvres
and turns. Of course the maximum and minjmum permitted load factors are dependent of the configuration.
As can be seen in table 5 these measurements were made at the begin and the end of a flight in order to
study the influence of fuel consumption on the load distribution over the wing. Further effects of con«
figuration, flap position and 1oad factor on the 1ift distribution over the wing in spanwise and chordwise
direction can be studied. In general all these measurements have been flown at 10000 ft with a speed of
400 KiAs. In a few cases different altitudes and speeds have been used.

* 3 (21-49) Short and long inputs of aerodynamic controls. In the case of a short input the stick or pedal
force 1s relieved at the moment that the maximum deflection has been reached. With these measurements :
effectiveness of aerodynamic control and the resulting loading of the aircraft as a function of con- !
figuration and mass varfation can be studied. The same altitude and speed were used.

* 4 (50-65) Measurements were made during a number of flight segments which are

commonly used, such as taxi, take off, landing etc for the different configurations. Also a few more .
unusual measurements were made, such as Mach run, stalls, inverted flight. Further side s1ips and rudder '
rolls were flown. These manoeuvres espcially Toad the vertical stabilizer,

* & (66-81)The last group of measurements consist of relevant RNLAF flight segments such as simulated
attacks, range passes, basic fighter manoeuvres and air combat engagements. For those measurements only
the normally used configurations were taken.

i e e

The whole set-up of the program s such that the measurements in group 2 and 3 can be used for ana-
lysing those in groups 4 and 5. The whole program consisted of 715 measuring runs, that were distributed
over 15 measuring flights. In table 6 an example is given of a detailed program for one flight.

5. USE OF THE DATA BASE

As mentioned in previous chapters all flight data have been stored in a data base after data reduction
and conversfon to engineering units on a "per run" basis. In the data base the data pertaining to a run is
preceded by a so called run information block which includes data 1ike flight- and run number, date of
flight and configuration.

The most simple form of data presentation is a direct printout of the data of one sample, see table 2.
Time differences between succeeding samples can be easily changed. The smallest time differences is about
0.03 sec. Besides this printout various types of plots can be made using an interactive computer program,
Besides time histories also "cross" plots of one parameter against another can be made,

Of course, the scale ur 2 plot can be easily adjusted, and windowing of a plot is possible. Some examples
are given in the figures 7-9. In figure 7 and 8 a few time histories are shcwn,

In figure 9 a cross plot of load factor against bending moment is presented. Interesting fs the large
variation in the "bending moment per g" relation, especially in the range from 1.5 tiil 3.5 g.

A plot like presented in figure 10 can be made very easily with the interactive computer program.

Figure 10 shows that the strain/g relation is dependent on the airspeed.

Since it became available, the data base has been used in a number of projects:

; AFIn the first project an estimation has been made of the fin bending moment spectrum of the NF-5 for
NLAF usage.

As may be clear from chapter 4, measurements have been performed during typical RNLAF conditions. An
example is given in figure 11. As a next step a peak between means counting was performed on the bending
moment sequence for all relevant runs.

This resulted in spectra per mission type and by upscaling the resuls to the actual mission mix, which was
known from a 1ife monitoring program, a RNLAF fin bending momeni spectra was “composed". By comparison
wit;ldthe re:l spectrum of the F-5E full scale fatfgue test an estimatfon of the crackfree service 1ife
could be made.

* In a second project a study has been made of the influence of higher speed on the loads during a
"range” mission. In figure 12 results are shown for a dive bombing attack using different initial speeds.
Besides higher vertical accelerations which were experienced, also the influence of speed on the bending
moment per g relation is shown.

* At the moment the data base is used for determining high loading conditions in the RNLAF operational
usage.

From Northrop load envelopes for bending and torsfon moment in the wing are known. All runs in the data
base have been searched for exceedings of 60 % of the 1imft load envelope for the four wing stations.

An example is shown in figure 13 of a part ACT flying and the loads in wing station 32. It is interesting
to note the variation in the bending/torsion moment relatfon, as a result of speed variation.
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TABLE 1
Review of recorded parameters

recording

parameter range 2olerance Remarks
afrspeed sindicated) 50 - 650 kts + 5 kts
altitude (fine and course) 0 - 32000 ft + 30 ft
vertical acceleration -10 - +10 g +0.05¢9
longitudinal acceleration -l -41g + 0,059 see
lateral acceleration -1 +l1g +0.05¢9 chapter
angle of pitch 0 - 360 degrees t 2 degrees .
angle of roll 0 - 360 degrees t 2 degrees
grid heading 0 - 360 degrees + 2 degrees
positior elevator % max range % 0.1 max range
rudder pedal position + max range + 0,1 max range
Tateral stick posiiion % max range + 0.1 max range
speed brake selection in -max range
flap selection up, trans., manoeuvre,full
run number 0-99 -
frame count (internal clock) - 138 times per second
event marker - -
strain gage bridges in wing - - see
strain gage bridges at horizontal stabilizer - - chapter
strain gage bridges at vertical stabilizer - - 2.2
temperature at wing {upper and lower skin) <50 - +120 degrees + 6§ degrees Celsius | see

Celsius chapter
monfitor bridges (for supply voltage) - - .
PCM test signal - -
TABLE 2

Parameters stored in data base for each sample (data frame)

par.n:*, parameter unit
1 Frame count (internal clock) ca. 1/138 s
2 Altitude feet
3 Indicated airspeed kts
4 Afrcraft weight 1bs
5 Flap selection switch pos,
6 Elevator position degrees
7 Lateral stick position -
8 Rudder pedal position -
9 Speedbrake selection switch pos.
10 Angle of pitch degrees
11 Angle of rol) -
12 Grid heading -
13 Vertical acceleration g {x0.01)
14 Longitudinal acceleration - -
15 Lateral acceleration - -
16 Temperature at wing (upper "'in; degrees Celcius
17 Temperature at wing (lower .xin " “
18-19 Strain gage bridge at WS 11, 18 %, 40 % chordwise microstrain
20-23 Shear force at WS 32 LH, RH, 68 RH, 104 RH N
24-27 Bending moment at WS 32 LH, RH, 68 RH, 104 RH Nm
28-31 Torsion moment at WS 32 LH, RH, 68 RH, 104 RH Nm
32-33 Shear force at root horizontal stabilizer LH, RH N
34.35 Bending moment at root horizontal stabilizer LH, RH Nm
36 Bending moment at root vertical stabilizer Nm
37 Torsion moment in vertical stabilizer Nm
38 Strain gage bridge at vertical stabilizer microstrain
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TABLE 3
The coefficients for the determination of the load components at wing station
104 RH (NF-5 instrumented wing)

% wing chord 18 21 24 27 40 66
Bridge type Bending Shear | Bending Shear | Torsfon Bending Shear
PCM_channel 49 50 51 52 53 56
Soefficient for . -63.5 | 3.8 - 13.5 -11.9
Coefficient for
Bending Moment -1.0 - - -1.6 4.4 11.4 -
Coefficient for
Torsion Moment -3.6 -3.0 - - 9.2 5.7
TABLE 4
Configurations in flight program
o ) ¢ Operational| Average II\Vile;age
config,| : 1 number o weight take-off flight
code Configuration flights empty,, | weight durations
(1bs) (1bs) _{min)
1 e O [ctean 1 10356 14802 55
2 orr el pyrons 4 10987 15421 49 3)
one 150 US
3 .-.—.—(?-,—.-. ga”‘{?ota"k 2 11134 16632 53
two 150 US
6 oy Ppre sl ion tans 3 11289 17688 55
three us
4 ._,_6_(?_6_” 9“"‘2’9 Fet 3 12436 18870 60 )
two 275 US 3
N R © N | S AN 1 11361 18457 140
three 150 US 3)
5 "6_6'@'6_5‘ gallon tanks + 1 12869 20284 105
two N-containers
all 15 63

Note: 1) all configura;ions have tiptanks
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TABLE 5 }
Overview of measurements in f1ight program
configuration code 1 2 3 4 5 6 7
nr.| measurement o) o) ol Ao ©) 0! A
configuration LRAAAM haRE L2 130 K- TX X7 Rk 3 2d e 2

1 [groundrun, full/empty tiptanks, before flight + + + + + + +

2 v " afte " + + + + + % +

3 Jcruise, 0 and 1 ¢ begin flight + + + + + + +

4 U " end L + + + + + + +

5 [g values, symmetrical, flaps up, begin flight + + + + + + +

6 " " L] dONn, 1) " + + + + +

7 " " flaps up, end flight + + + +

8 " L] L) down’ n n + + +

9 lg values, turn flaps up, begin flight + + + + + + +

10 " i “ d°wn, i ] + * + + + +

il » " flaps up, end flight + + + +

12 w " n down, [ " + + + +

13 {g values, symmetrical, flaps up, V+4H variation + + +

14 H 1] L dow“' " " + +

15 g values, turn flaps up, V+H variation + + + +

16 ] " " down, ) n + + +

%g q vslues, symgtrica'l, flﬁps ggvm "22‘" I_H?ht :

after fue

19 |o vatues, tym flaps 00 | transter '

%; elevator, A\, flaps :gv’m, begin f1ight -: I + : +

23 N " flaps up, end flight + + + + +

24 L] " L] do'"" " L + + +

25 |rudder, A S\, flaps up, begin flight + + + + +

26 n " " down’ " " + + +

27 " " flaps up, end fiight + + + + +

28 " " *  down, " " + + +

29 laileron, A o~—1 , flaps up, begin flight + + + + +

30 n L) 1) dOVIn, " n + + +

31 . " flaps up, end flight + + + + +

32 L) " " down’ [} (] + + +

33 |speedbrake, JS~—\L , flaps up, begin flight + + + + +

34 " n L] down’ " L) + + +

35 " " flaps up, end flight + + + + +

36 L] n " down’ " ] + + +

37 iman-flaps, ,—~— v , begin fiight + + + + +

38 " " end " + + + + +

39 [landing geary - , flaps down, begin flight + + + + + + +
40 " » " " end " + + + + + + +

2; elexator,.h..v..l.—\..\_,, flgps gg‘,m ’V:H varlation :

43 |rudder, A S\, flaps up, V4H variation +

44 " " " down, " v +

45 [aileron, A 1 , flaps up, V4H variation +
46 L] " “ down’ n " +

47 |speedbrake, /—\. , flaps up, V#i variation +

48 L L] L] d R L] L] +
49 [man-flaps, J— \ , V+{ variation +

50 |taxi, before flight + + + + + + +

51 | " after " + + + + + + +

52 |take off, climb ti11 nav. speed + + + + + + +
63 |approach, landing + + + + + + +

54 |full stop (+ drag chute) + + + + + + +

55 levimb (+ AB) +
56 |descend (+ speedbrake) +

57 machrun, ig, 45000 - 12000 ft +

58 {dynamic overswing, 175 and 400 KIAS + .
59 [side s1ip, 175 and 400 KIAS (+ reverse) + + + + + + + 3
60 [afleron roll, 1 and 4 g + + + + + + + H
61 {rudder roii, 1 and 4 g + + + + + + i
62 |looping, 4 g + + + i
63 |1 g stall, flaps up + + + + + + + 3
84 " *  down + + + + 3
65 |inverted flight, -1 g + + +

PUURE—————— f
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TABLE 5
Overview of measurements in flight program (continued)

configuration code 1 2 3 4 5 6 7
nr.| measurement A oY Mo WA i) o) [0} o}

configuration LR M Jhad e Y Y R - T TY T Ak ar 1l R X B
66 lglide bombing, 400 and 480 KIAS, 5 and 10° +
67 {rocketry, 400 and 480 KIAS, 20 and 30° +
68 |dive bombing, 400 and 480 KIAS, 45° + +
69 {store separation +
70 |negative g escape, 25000 ft, 420 KIAS + + + +
71 |diving spiral, 2 circles, 420 KIAS + + + +
72 |vertical reverse, £ 70 KIAS in top + +
73 |high speed yoyo, 10000 ft +
74 |split S (+ AB), 7 g, 15000 ft + + + +
75 |high g barrel, 400 KIAS (+ max G) + + + +
76 |break manoeuvre (+ AB), max ] + + + +
77 |high g barrel 250 KIAS +
78 |low speed yoyo +
79 |part ACT, offensive, defensive, with NF-5A +
80 |part yet wash +
81 |part turbulence + +
Remark: measurements 3-12 and 17-40 made at 10000 ft with 400 KIAS

TABLE 6
Example of detailed program for a flight
Flight [5] in flight program
Configuration [1] — 5 T —e Stores: 3x 150 gallon tanks
exercise/ 6 M flap run
measurement g KIAS - feet up + nr. Remarks
down

groundrun, empty tiptanks 2 bef.. 2 flight
groundrun, full tiptanks 3 before flight
cruise 0/1 | 400 10000 + 4-5
side slip + reverse 1 175 10000 + 6
side sYip + reverse 1 400 10000 t 7
afleron rol” 1/4 | 400 10000 - 8-9
rudder roll 1/4 | 400 10000 - 10-11
inverted flight -1 | 400 10000 - 12
glide bombing - 400 - - 13,15 at range, 5 and 10°| from
glide bombing - 480 - - 14,16 at range, 5 and 10°]) pitch
rocketry - 400 - - 17,19 at range, 20 and 30° | up
rocketry - 480 - - 21,20 at range, 20 and 30° | thru
dive bombing - | 400 - - 22 at range, 45° reco-
dive bombing - | 480 - - 23 at range, 45° very
cruise 0/1 | 400 10000 + 24-25
g values, symmetrical - 500 1000 + 26-28 -0.5 1.0 3.0 -
g values, turn - 500 1000 4 29 - - 3.0-
g values, symmetrical - 400 1000 + 30-32 -0.5 1.0 3.0 -
g values, turn - 400 1000 t 33 « = 3.0-
g values, symmetrical - | 400 1000 + 34-36 -0.5 1.0 3.0 -
g values, turn - 400 1000 + 37 - = 3.0-
g values, symmetrical - 500 1000 4 38 5.0
g values, turn - 500 1000 + 39 5.0
groundrun, empty tiptanks 40 after flight
grouncrun, full tiptanks 41 after flight
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Fig. 1 NF-5A test aircraft with instrumented wing
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Fig. 3 Overview of straingage bridge configurations in wing
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Fig. 5 Calibration set up of the wing
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Fig. 6 Locations of the load points on the wing
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Fig. 7 Example of graphical presentation
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NAVY OPERATIONAL LOADS DATA SOURCES AND SYSTEMS '

A. H., JOHNSON
Alrframe Engineering Branch Head (Code 6042)
Naval Air Development Centexr

! . Warminster, PA 18974, USA

M. J. DUBBERLY

Structures Branch Head (Code 5302)
Naval Air Systems Command
Department of the Navy
Washington, DC 20361, USA

SUMMARY

The counting accelerometer, together with Fleet utilization
data and load surveys, has provided the U.S. Navy with a
means of monitoring fatigue life for most of the current
Fleet aircraft. The more complex structural design features
of the newer aircraft such as the F-14 and F-18 with wider
fuselages, tail augmented roll, swing wings, and computerized
flight control systems, present fatigue monitoring require-
ments that cannot be accommodated solely with a single
parameter or counting accelerometer monitoring system.

This paper will:

1. Provide an overview of the Navy's total Aircraft
Structural Life Surveillance Program.

2. Present the current Fatigue Monitoring Program
operatibnal achievements and costs.

3, Describe the loads data acquisition systems for
the FP-14, --18, A-7, and A-3 aircraft.

i 4, Describe the tracking programsg, results to date,
and discuss future expectations regarding opera-
tional features, results, and costs.

Operational loads data from the Tactical Air Combat Training

. System for air combat training, and the 70 mm film system for
¢ landing loads, will be described.

LIST OF SYMBOLS AND ACRONYMS

N, - Normal acceleration load factor at aircraft center-of-gravity (CG).
G - Unit of acceleration equal to earth's gravity.
ce - Center of gravity.
G.W. =~ Gross weight.
FCLP - Field carrier landing practice.
TG&B - Touch, go, and bolter.
MSDRS - Maintenance Signal Data Recorder Set.
v - Airspeed.
- Altitude.
F - Fuel State.

ASLS =~ Aircraft Structural Life Surveillance.
SAFE - Structural Appraisal of Fatigue Effects.

SLAP =~ Service Life Assessment Program.

et e B

SLEP - Service Life Extension Program.
TACTS - Tactical Aircrew Combat Training System.

EMS -~ Engine Monitoring System.
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INTRODUCTION !

This paper provides an overview of the U.S. Navy Aircraft Structural Life Surveil-
lance Program (ASLS) and the role that operational aircraft loads data acquisition sys- j
tems play in monitoring the structural integrity of the Fleet aircraft. The focus will

be on systems that are designed to provide loads spectrum information and individual .
aircraft fatigue life tracking for the Navy's Fleet aircraft. The Fleet is currently

composed of a wide range of aircraft types of varying ages and structural complexity.

The loads data acquisition systems also vary in complexity from the counting accelerom-

eters to multiparameter microprocessor controlled recorders.

The U.S. Navy's operational aircraft fleetwide structural life surveillance and
management efforts are carried out by the Naval Air System Command's ASLS Program.
This program is composed of three separate subprograms which are:

1. Structural Appraisal of Fatigue Effects (SAFE).
2. Service Life Assessment Program (SLAP).
3. Service Life Extension Program (SLEP).

The SAFE Program is conducted by the Naval Air Development Center. The primary
purpose of the SAFE Program is to provide individual aircraft tracking to maintain cur-
rent fatigue life status for all of the Navy's fixed wing operational aircraft. Efforts
are currently underway to expand the SAFE Program to include helicopters. The initial
efforts, addressing the SH-60 and CH-53, are expected to provide multiparameter tracking
system concepts that will enable fatigue l1life of the airframe and dynamic system compo-
nents to be tracked. The current SAFE Programs are predominantly based on counting
accelerometer systems which are not bad for tracking wing structure, but they don't
provide a direct measure of:

1. Effects of altitude and airspeed (especially on modern aircraft). Figure 1
illustrates the pronounced effect that airspeed and altitude have on the F~18 wing root
bending monment.

2. Effects of aircraft weight on fatigue damage.

3. Effects of load sequence.

4. Effects of gusts on gust sensitive structure.

5. Fatigue damage on structure other than the wing.

These effects are currently accounted for by SLAP Program efforts such as flight and
ground loads surveys conducted in the operational environment.

The SLAP Program's primary purpose is to provide an accurate picture and evaluation
of what the aircraft are actually doing. The efforts consist of engineering studies,
full scale fatigue tests, and flight and ground loads spectrum surveillance work needed
to address current structural integ.ity issues which generally are to corroborate design
assumptions and supplement results of the individual aircraft fatigue life tracking
programs. Typical SLAP activity would be operational flight loads surveys to verify or
update assumptions made to obtain aircraft fatigue life status using single parameter
data to measure usage severity, followed by fatigue analysis and/o, testing to evaluate
the airframe in its measured environment.

The SLEP Program efforts are directed at keeping old aircraft around longer. These
efforts generally consisc¢ of major structural integrity analysis, test, and modification
efforts that are needed specifically to extend a known short life. Thus, SLEP assures
structural integrity for older Fleet aircraft that need to be operated beyord their
original design life. Navy policy normally doesn't allow any aircraft to operate beyond
the fatigue life substantiated by full scale test. Since the Navy designs and tests to
critical points-in-the-sky with load frequencies that are commensurate with the worst
case aircraft, it is not unusual to have a reserve of structural life left after the
test-substantiated flight hour limits have been reached. For example, a review of the
Navy tactical aircraft has shown that the "average" Fleet aircraft, in terms of severity
of usage/flight hour, will last approximately twice the test demonstrated flight hours
before it reaches 100% fatigue life expended. When expressed in terms of system life
cycle costs, this represents an enormous savings achieved through the individual aircraft
tracking (e.g. SAFE) program. It is the result of this SAFE Program, supplemented by
SLAP efforts, that provides the baseline from which needed SLEP structural modifications
will be scheduled and implemented.

A profound example of application and results of all these programs is the Navy's
aged A-3 aircraft which has been subjected to extensive SLEP activity to allow extension
from an original design life of 3,000 hours to 18,000 flight hours. This newly sub-
stantiated 18,000 hour life, coupled with a new and improved fatigue life tracking
program, is expected to allow continued operation of the A-3 into the mid-1990's.
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DISCUSSION OF THE CURRENT SAFE PROGRAM

The current fleetwide fatigue life tracking program {(e.g, SAFL) will be described in
more detail to provide a base line for assessing the new systems and also to illustrate
the operational features that will carry over to these new systems. The SAFE Program
provides individual fatigue life expended values and rates for approximately 3,500 of
the Navy's operation 1 fixed wing aircraft consisting of about 55 different model con-
figurations with difirering fatigue requirements and concerns. These differences are
generully accommodated by the fatigue damage methodology and routines; however, some
models do require unique variati.ns in input, output, ard reporting requirements. The
program results consist of fatique life expended rates, status, and other life limiting
data for all aircraft wnich are compiled and published guarterly in a single report. A

second report providing statistical evaluation results of measured usaqe severity is
published twice yearly,

The SAFE Program typically relies on counting accelerometer data to assess flight
maneuver damage whicn is ccmbined with other Flect utilization data to establish ground-
air-ground, catapult, arrestment, and other life limiting factors needed to determine
fatigue life status. Figure 2 provides a flow chart that depicts the basic operations
involved in running the SAFE Program. The usage severity input data is received on
NAVAIR Form 13920/1, which is depicted in Figure 3. This is a postcard-size form that
is used to manually record and transmit individual aircraft counting accelerometer
readings to the Navrl Air Development Center for processing. At 100% efficiency, this
would amount to one card per month for each Fleet aircraft. This data is manually
edited and transcribed via a keypunch process to an automated quality control program.
The quality control program evaluates the data for reasonableness and flags any data
that varies from expected limits. The flagged data is manually accepted, or corrected
and accepted, or totally rejectad. The rejected and missing data is replaced with
estimated data. The counting accelerometer data is merged with the Fleet utilization
data for individual aircraft fatigue life expended and status determination. This com-
puterized process provides the tables needed for the SAFE quarterly report. The content
and format for a typical SAFE report result is depicted in Figure 4.

COUNTING AGCELEROMETER READINGS
HAVALR FORM 13920/1 (Rey 3.78) &/N 0102 LF-613-9202 REPORT SYMBOL NAVAIR 13920-1
AIRCRAFT AIRCRAFT StB NO, [CUSTODIAN (Reporting Aétivity) DATE SUBMITTAL DO NOT
MODEL coots ust
{Check ane)
TRANSOUCER MANUFACTURER (Trens. and Ind ) ls?él')‘lCNAJOR ;mg:‘[:g;ﬂw rce
3R No : REPORT MONTHLY
REPORT |coma
TJOTAL AR ITUATION]|
FLIGHT HOURS BY FLIGHT PURPOSE CODE TOTAL AR aevonr -
CODE HOURS TENTHS cODE HOURS TENTHS, | TIME
IF SITUATION,
CHECK APPRO. (A A
PRIATE BOX
(Refer to NAVAIR
INST 13320 5C. |3
enct. (J). pars
Lm (2)
3 [
INDICATOR ! 2 &c
WINDOW A0 0
AEADINGS =5

REMARKS s(] ED
cJ e[]

PREVIOUS ISSUES OF THIS FORM ARE OBSOLETE.

FIGURE 3. Counting Accelerometer Data Input Form

The good data capt ire rate for this program has stabilized at about 75%. This rela-
tively high capture rate can be attributed to the Fleet liaison letter feature which
automatically identifies ai.J prepares a letter request for needed corrective acticns.

Implementaticn of this feature brought the good data capture rate up from below 50% to
the current 75%.

The cost of meintaining and operating the SAFE Program currently runs about
$1,000,000/year. This breaks down to abou' $850,000 for labor, iith the remaining
$150,000 required for materials and compu.er costs. The SAFE Program cuxrently tracks
about 3,500 aircraft, so this cost brcaks down to $285/aircraft/year. There are some
. additional costs associated with this program that must be considered if one is to use

it as a basis for cvaluating the new multiparameter tracking programs. These costs are
for the SLAP functions such as flight and ground loads surveys needed to establish or
verify the effect of assumptions that are made for the original design and when single
5 parameter data is used for fatigue life tracking. The current expenditures for this

work average about $3,000,00.0/year. The total will then establisr a $4,000,000/year
average cost for SAFE and SLAP work that applies to approximately 5,000 aircraft or
$800/aircraft/ycar. These figures will be used later to defire the expected cost impact
of the new more complex fatigue life tracking systems.
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NEW STRUCTURAL APPRAISAL OF FATIGUE EFFECTS (SAFE) TRACKING PROGRAMS

Multiparameter loads data acquisition systems to provide for loads spectrum and
fatigue life monitoring will be included as a requirement for all new Navy aircraft '
procurement and major modification programs. They will also be included as part of
some life extension programs, particularly when adequacy of the existinag fatigue life
tracking program is in question. fThe new fatigue life tracking programs covered in this
paper are for the F-18, F-14, A-7, and 2-3 alrcraft. The F~18 loads data acquisition
system was included in new aircraft procurement. The F-14 system is designed for retro-
fit, but will also be included in the extensively modified F-14D new aircraft procure-
ment. The A-7 program took advantage of a major Engine Monitoring System (EMS) update
to piggyback loads data acquisition capability, and the 2-3 loads data acquisition
system is part of the Service Life Extension Program (SIEP). These aircraft, and the
new fatigue life tracking programs, provide a wide range of reguirements and complexity
that will be illustrative of the kinds of options that are currently available. These
programs when implemented will be tailored to operationally fit into the framework of
the SAFE Program.

THE F-18 FATIGUE LIFE TRACKING PROGRAM

The F-18 operational loads data is obtained by the Maintenance Signal Data Recorder
Set (MSDRS) installed in each aircriit during manufacture. The MSDRS is a cartridge
type wire recorder that is controlled by and receives signals from the mission computer.
The loads data signals consist of readings from seven strain sensors, four flight param-
eters, fuel ctate, and stores configuration. The operational loads data is only part
of the information that the MSDRS records so at this point the loads data is intermingled
with other data. The structuvral loads data is stripped from this cartridge and merged
with other flight usage data by a ground station computer to produce an 8-track tape
containing complete loads data. This tape is mailed to the Naval Air Development Center
for loads spectrum and individual aircraft fatique life monitoring.

The F-18 loads data includes strains measured at seven locations chosen to provide a
measure of the respective components primary load. These strain gage locations are
illustrated in Figure 5. The measured strains and parameters are:

Wing Root Strain

Wing Fold Strain

left Horizontal Stabilizer Strain
Right Horizontal Stabilizer Strain
Left Vertical Stabilizer Strain
Right Vertical Stabilizer Strain
Porward Fuselage Strain

Altitude

Airspeed ‘:rue)

Normal L ai Factor

Roll Rate

Stores Configuration

Fuel Remaining

0000000000000

The data is compacted on the MSDRS cartridge by taking time slices at significant
peaks and valleys of the strains and N,. Significant peaks and valleys are identified
by the mission computer. To qualify as significant, each event must pass prescribed
threshold (level) and rise-fall (range) criteria. This results in only data that is
needed to determine structural component fatigue damage being recorded. Judicious selec-
tion of the data compaction criteria is important for the production units, as low
thresholds reduce efficiency, and high thresholds reduce accuracy. In spite of this,
extreme caution must be used not to start out with thresholds that are too high as this
will result in losing the data that is needed to establish the correct thresholds. 1In
other words, you can't evaluate the effect of the load cycles that are beina eliminated
unless you know what they are. Aan example of the recorded loads data is shown in
Figure 6.

For fatigue life tracking, this data will go through the same kind of central proc-
essing as the counting accelerometer data for the current SAFE Program. The postcard
editing, keyp nching, and quality controllina process used for the SAFE Program will be
replaced with tape drives and computer software that will sort the incoming data to load
individual aircraft files and perform quality checks on the data. Questionable or
missing data will be identified for evaluation by the technicians or structural integrity
engineers. The missing and bad data will be statistically replaced with representative
data.

The analysis program will have the ability to determine fatigue life (crack initia-
tion) expended and crack growth for Gesignated points on the major structural components.
The fatigue life tracking program will be capable of maintaining sequential loads data
history files and structural component fatigue life expended history files. These flles
will be used as a basis for structural integrity monitorina and the reliability centered
maintenance Age Exploration Program.

i




SNOILYIO1 HOSNIS NIVYULS 8L-V/4 °S ainbiyg

ONILLIS 1HOddNS IDVAG DVEA H/Y 9IW)
YJOSN3IS ID9VIISAI AUVMUOL JIMO1

{HOV11V NI3 IVDIL¥IA)
IHSIN ¥ 1437 - JOSN3IS TIVL TVDILNIA

(oNILL12 3011 ¥ ONI 1
ONILLA 1dS E;%hm.rww 0w§>pu_r\zw (ONI¥iV3 ANIHIE'W 2310 NINS ¥3IMO1 NO SIOV9)

(@104 ONIM JHL ¥VIN ONIM ¥3L1NO H/Y)
YOSNIS ONIM ¥31NO

SN e AR ke A RGN e (§§a&§«.{ L




awrs P EN

S e3eq SpeoT wexboid Burxoeal 9ITT dndIIRI 8T-d 9 TWNOII
4
£ 18 €L L= YNt wet 2552 Se°uEst s2g- 8 "9 LT [ 11 (2% 4 (1] Steseat )
' 1t *%5"° 1569t oef 02SL §9°9201 nog- ¢ (2] [T 1.1 "z (1] SL 0860 :
! |3 ] s °6 sLeut  omn L11Y} S1°E208 2§n- 19 1] wZne N} (114 vot Ss°nel
T 2 ooevl  SoOw 025¢L $6°926% 265~ &% 2t 002~ 2¢ sor % SE-v2et
15 ¢ orLut  22v 02sd 118811 unne. 0 ° 952« 0@ (21 L $3°4261
1. 26181 wovw 2tne s0°owil 2t~ 2 2 2t p9e [} " SR a2es
L3 ] Leewl  0Sw 9L §9° 0261 268> 0 on 002 009 (1] ”"1 872284
[ A 4] Sfost £41] 5S¢ se’stet 2f0- 2= 21t 952 %69 28 " ! Se°12st
1 Shob 1114 (1373 $0°atlel 2En- 2t1- 2t e LT3 2ve [14] S 012610
11 2 13211} LSy 2sst sLoetet 2twe- L2 ” hele 992 99¢ ozt $2°atel
[ 10 ] 00188  SSM 255¢ st*etel ES L TN T4 L] 2€2- 09¢ L1314 (2] SL°albt
[T L1561  ene 5S¢ (13421 %! o2t @t [ 1] 91 (] [} (1] §9°4161
| i 2t 14173} t5e 92 (108 21} 02t~ 1} L 1) L~ 02 " ¢ (1 3F AT Y] t
11 18 Viges o9 (1173 S6°ten! "n2ne 2 v [T L T 1) e [ 24 ] So°weey !
L3 B 11113 oL L2811} Se° 160t Nine- 2% " *0i= Off (1} L 14} si°teut
L LIS 4} 19261 004 [ 1281721 02l (14 Lt 2s1 | I st°seet
o 99261 [1]7] S6°Sett 98- 91 or *" [
it ® TS0l [ 117 s2°eted %=~ (X4 2t (1)) (14 se°Loed
i3 of L1089 oo0® So°LSet 905~ 2 - "2~ 02¢ L A1) [1:2] ssoIvtt
it ws [ 2113 B 111 [ T11]] (1AL 113] 95f~ ®9 [} LZTTIN 1 (114 % si°ivey
| L I 3 15501 [ 131 8089¢ $5°s0il 28f- 02 0 02t~ 9L} 258 { 1] sgeLoLs
it s s0%68  OOW [ 1173 s2'g0Lt 25§= - b9 912 w8S 261 vot $2°504% i
"ot 2uwsi ton L1Y13 sgesoLt g 95~ 9§ 2f2 25§ Qo2 "ot SL°woel Y :
[ 13 ¥2vet 9wy 20 $9°9591 2Une 28 1= ggZ= 09% (113 21t Sy et
[ R 1 ] 15961 }151 L2173 S1°0691 s Wi~ L2 9% [ 22 L " ( 1] {
| 2 B ] 2991 [ 731 0009 sv°9gel "l "2 [41 | L1 (.24 (43 .
1o veeel I 1 2173 SL°5998 g 91 2% '%l=- OO® (114 " ]
|1 'S Zevet  €1IY 0009 Se°2991 (1) 2t un2- 95 96 ,* ¢
1 il 20y 8009 $0°v99) "o~ »2 2§~ nol= on-~ " % $2°599) ‘ “
i 313 it sy 909 $1°5591 EZY TN 2 1 ¥1- 022« 09 ooV o2t SE°EY0E 1
_ it (11} 0919 Sn°LeSt 251 ot (14 98- 2~ or (1] $21°€59¢ i
| it ¢ ”y 80920 Si°0091 2tt- 2¢ on 2¢€ 9t 9t L S0°CEe i
| (S 11 o 0629 st test LI} 2 2 "= 09t~ 092 w2 21t Se°east i ?
i o ¢ L 11 9529 St°1eSt vobe~ L 14 »2e rgle 022 [ [ 31 21 [ 194131 H
, (1200 4] 111} 02§59 se‘orrl ”i- @ g et 802 [ 1] ve S9° 6951 . }
| [ 224} [ 1] "w2e SwlLst "t 9 ”2 w2  9(i~ °»% "0 $9°99SE '
| [ 13 ] "o $2°24Ss 281 2t (] ye 2%~ " [ 1] S6°98S1 i
' *t ¢ 132 ] S9° 2Ny 902~ ° 9= not~- 998 v2e 9% 1 134 24 )] ' :
[ ] [ 13+ sEsovl 21te ¥ v 95 nZe [ 1) 09 sieosmt ‘
ot ¢ 90¢€ S9°LSEt ne2e 9t [ 09t- 2SY 9’52 2L g2°L9tY . *
[ I ] 19€ SS°w924 25~ | ° [ 1) 09~ or 9 SPunel | ,
ot s woe 2669 se°golt ftt- hote 0 ange 2S¢ 962 (41 steg22t i
o I3 fo1 2669 so°tetd onle 9~ v °2f- 26¢% oe 2¢ se°o22t .
N ¢ 002 0969 SL°tets 25t 96 © oyt 09€ [ 111 £ [ T34 131} i
C T ‘
] or9e 3wh¢ 9n2 thwti- 9RE ¢ ¢ s 002 13INIVA -:-. j
' 4 s s ’ 1 t 1 t t v 11T Tt oty 17 3 133 I B FEL] t j
] $0238) 8 €9)  B(8/93G)8 (i4) S(SLONNIS (SUT) $(SONUIICHT (NYLEN) §  (nHIEN) ¢ (nHIS) ¢ (N¥iEN) ¢ (NNiSR) 8 (I238) W
3 at ¢ £33y, ¢t 108 ¢ 4Tv 8 Svy BALIANVGDE InfLl 8 NIvaiS ! WIYNIE f nlvNl€ 8 Nlvwig 8 Nlvyie 8 . i
NS 33G0383HILS 1 I7¢ 8 Jzv 8 /v 3 /v % N3nd 8 QIS4vI2 B €N OMJ 5 Vivy 1¥3IA 8 vl HUH 8 OTUJ INIm § 200N DNIM T 3INILOJ
S$AITVTAIVA CNY SNV 3Id SHYLSESNIES 3INOTLV 4
H
!
. . Ve e e A e Rt P R R AR S )
| |
‘It-‘v..l‘llll»i s e e -




!
i

To this point, we have discussed the capabilities of the F-18 fatigue life analysis
and tracking programs. Now we will delve into some of the economic issues. Projecting ,
computer and manpower costs for operating this system for a fleet of F-18 aircraft is
, ' still somewhat tentative, but some data to base projections on is ncw available.

1 The most recent projected operating costs/flight hour for the F-18 Fatigue Life

) Tracking Program are .04 man-hours plus $2.00 for computer processing. Based on 300

: L flicht hou:s/year/aircraft, this would require 12 man-hours plus $600/aircraft/year or

! about $1,080/aircraft/year. This is in excess of the $800/aircraft that is required to
conduct both of the current Structural Appraisal of Fatigue Effects and Service Life
Asgessment Program activities. At first glance this might be discouraging, so we need

' to look further into the prospects for reducing these projected costs. First, the cost
projections are based on current Interim Fatigue Life Tracking Program experience,
adjusted to account for program improvements and operational procedures that would be
employed directly on the current Naval Air Development Center's CDC 6600/Cyber 75 com-
puter system. Preliminary investigations indicate that the computer costs could be
significantly reduced by employing a dedica’ed minicoumputer to accomplish most of the
Fatigue Life Tracking Program functions. 7: is also expected that new inovations in
computer equipment and procedures will reduce the projected man-hour costs. Since these
programs are inherently phased into operation by the production schedule, there will be
opportunities to evaluate cost reduction features using real data before the aircraft
numbers result in overwhelming costs. In this regard, the F-18 Fatigue Life Tracking

Program will lead the way for other U.S, Navy aircraft multiparameter fatigue life
tracking programs.

Another characteristic of cost projections for these new systems is a near term
bulge in effort during the transition period to new or modified aircraft. The bulge is
due to the fact that need for SLAP activity will not subside for sometime because it
focuses on older Fleet aircraft. It will take several years before the results from
these new more complex tracking programs begin to change the SLAP activity. Additionally,
one cannoc expect that future SLAP activity will be significantly reduced by these new
programs. More likely, there will be an increase in analytical requirements to improve
Fleet aircraft structural integrity at a modest increase in cost. These cost increases
will be more than offset by the tremendous savings that can be achieved through: improved
design criteria, early recognition and resolution impending structural problems, and
the full utilization of aircraft structural life; .... of which will result from informa-
tion provided by the new tracking programs. The beneficial effect on flight safety
should also be considered. To put this in context, just consider that the cost associ-~

ated with procurement of one aircraft is more than the total development and projected
€ operating costs for 20 years of fatigue life tracking for 1,500 F-18 aircraft.

In order to provide the capability to reconstruct the load history for evaluation of
unexpected failures, the individual aircraft lozd history data files must be maintained
indefinitely. These files plus additional files needed to £ill in for bad or missing
data and other related operations combine to form substantial data storage requirements.

' Let's just look in detail at the loads data history files for now. If each triggering
parameter (seven altngether) results in an average of 50 time slices/flight hour and
each time slice consists of two records (peak and valley) of 16 words, you will get
2 x 7 x 50 x 16 words per flight hour. This results in 11,200 words per hour for a
6,000 hour life or 7,200,000 words. This would indicate a need for about 10 to 12 nine-

. track computer tapes tcv each airplane to store its lifetime of loads data in sequential
form. Projecting out-year data storage requirements of this magnitude for a large number
of Fleet aircraft could result in up to 3,000 aircraft in various stages of their lives
with an average of five tapes each, or a total of 15,000 tapes. This could probably be
managed if it was essential to do it this way. The current Navy plans are to start
collecting and saving the flight loads data in this manner until enough real data for
each sensor is available to evaluate data compression and other storage concepts. The
§ remaining data files required to provide for loads spectrum evaluations, structural com-
3 ponent fatigue life expenditure history, and bad or missing data gap filling should fit
* on a single disc pack.
| ;

F-13 INTERIM FATIGUE LIFE TRACKING PROGRAM

The purpose of the F-18 Interim Fatigue Life Tracking Prcgram is to provide Fleet
aircraft fatigue monitoring until the production tracking program becomes operational.
As of January 1984, 12,800 hours of data had been processed ccvering 48 TF~ and F/A-18
aircraft. A reasonable data capture rate of 53% was obtained during this initial
operating period.

The Interim Fatigue Life Tracking Program reports provide the fatique index at the
most critical location for 90% of the aircraft and fatigue indexes at all seven locations
for 10% of the aircraft. Figure 7 provides a typical result from the January 1984 report.
. k Although the small amount of data available for each aircraft could be misleading, this

figure indicates that the same location does not yield the highest fatigue index for all
the aircraft.
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FIGURE 7. F-18 Interim Fatigue Life Tracking Program Result

F-14 FATIGUE MONITORING SYSTEM

The F-14 Fatigue Monitoring System will utilize an airborne data acquisition system
that monitors and records engine and kinematic flight parameters, aircraft configuration
discretes, and fuel state. This parametric data will be recoxded in time slice compacted
form in much the same manner as the F-18 data. The parametric signals are obtained from
existing sources except for normal acceleration (Nz) which will be obtained from an
independent transducer. Since this system will be retrofit to the existing F-14 air-
craft, strain sensors were not used. The recorder is a microprocessor controlled solid
state memory unit with 128,000 bytes of storage capacity. The time slice recording is
triggered by key parameters that experience peaks or valleys that exceed prescribed
threshold limite. The solid state memory is sufficient to retain data from about one
month of active flying. The recorded data is down-loaded using an electronic interro-
gator that also conducts health checks on the airborne recorder. The ground station
concepts for this system have not been completely definitized yet, but will probably
consist of feeding the interrogated loads data into a micro or minicomputer for proc-
essing and transfer to a disc or tape for mailing to the Naval Air Development Center.
Table 1 provides a list of the parameters that will be monitored and recorded by this
system,

The fatigue life tracking analysis software will convert the peak/valley parameter
data to component loads and stresses using algorithms that will be developed by employing
regression analysis to tune classical loads relationships to instrumented flight test
data.

The operational characteristics of this fatigue life tracking program are expected
to be very similar to those discussed for the F-18 program.
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! TABLE 1. F-14 FATIGUE MONITORING SYSTEM RECORDED PARAMETERS i
‘ Loads Parameters

] 1. CG Normal Acceleration
‘ 2. CG Lateral Acceleration
t 3. Roll Rate
4. Mach Number
5. Pressure Altitude
6., True Angle of Attack
7. Rudder Position
8. Left Stabilizer Position
9. Right Stabilizer Position
10, Pitch Rate
11. . Yaw Rate
12. Wing Sweep (Back-Up)
13. Fuel Remaining
14, Stores

Engine Monitoring Parameters

1. Engine No. 1 Turbine Speed N1
2. Engine No. 1 Turbine Speed N2
3. Engine No. 1 Temperature TS
4. Engine No. 2 Turbine Speed N1
5. Engine No. 2 Turbine Speed N2
6. Engine No. 2 Temperature T5

Discrete Configuration Parameter List

1. Wing Sweep Manual Aft Select

2, Wing Sweep Auto Mode Select

3. Maneuver Flap Extended

4. Nose Landing Gear Launch Bar Extended

5. Nose Landing Gear Kneel Solenoid Engaged
6. Main Landing Gear Down and Locked

7. Arresting Hook Down

A-7E FATIGUE LIFE TRACKING PROGRAM

. The new A-7E Fatigue Life Tracking Program will utilize the TF-41 Engine Monitoring

' System (EMS) for data acquisition. This program has developed because of an opportunity
to economically obtain an improved fatigue life tracking system by taking advantage of an

¢ already scheduled update of the EMS. The loads data acquisition required little more

s than software changes as all of the needed hardware already existed. Algorithms had to

be programmed into the onboard computer to again recognize and record the loads data

parameters at peaks and valleys of normal acceleration that exceed the prescribed thresh-

old limits. The loads parameters recorded are:

Nz - Normal acceleration at aircraft CG
V - Airspeed
H - Altitude

F -~ Fuel State

S

Wing stresses will) be calculated at two critical locations on the lower skin using
regrescion relatiovnshios, These peak and valley stresses will then be used to determine
fatigue life expended -alues. Although relatively simple, this program will remove the
conservative point-in-the :-sky and weight assumptions inherent in the current fatigue life \
tracking program. It alsc provides for sequence accountable crack initiation or crack '
growth analysis methodolcgies. % !
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life tracking program with very low development and implementation costs. This proaram
has moved from the proposal stage through a demonstration program in just over a year and '
is expected to be in a phased implementation process by mid-1985. Figure 8 is a sample
of the data from the demonstration program that illustrates the kind of information that

}
1 2 significant aspect of this approach is the establishment of an improved fatigue
i
i will be provided for individual aircraft loads spectrum and fatiaue life monitoring.

AIRFRANE CYCLES DATA

; A/C BUND 1354851
EN% ﬁN 14‘1’620

FLY NO.10
DATE 3308
FLT TINE. 11

g HACH NUMBER ALTITULE FUEL USED AIRCRAFT WEIGHT
00000 0.00. '10000 0. 330000
. 19861 a32 .
3:83 083 19929, A32, 37568,
PR o Te TN TN 37434,
2 B .
3.3 0.55 18789 8§76+ LT
0,804 0v4d 11230, 92, 7308,
862 0.53 408, 712, 7288,
0:757 0489 4824+ 772, 37328,
1.88 0.50 4640, 874, 37124,
1854 0.47 6388, 874, 37194,
485 0.49 9889, 880+ 371%0.
0,552 0044 6284, 854, 37114,
; R
gy 48 03392 888, 33133
958 0:58 1353:. % 7104,
0,562 0.43 7584, 894, 37104,

FIGURE 8. A-7E Fatique Life Tracking Program - Data Sample

A-3 FATIGUE LIFE TRACKING PROGRAM

The A-3 aircraft have recently completed a full scale airframe fatigue test to iden-
tify airframe changes needed to extend the service life into the 1990's. In order to
maximize fatigue life utilization from individual aircraft and to schedule the downstream
‘ modifications, a new individual aircraft Fatioue Life Tracking Progqram was required.

5 The mission for the A~3 aircraft requires little high G maneuvering. The majority of
' the fatigue damage results from ground-air-ground cycles and gusts. The situation is
also one that requires a kit type retrofit of the Fleet aircraft. In order to accomplish
this at a reasonable cost, the airborne data acquisition system had to be relatively
simple, The concept chosen was one that would use a 2-parameter system using a wing
strain and load factor (N,). Examination of the aircraft revealed an accessible location
inside the center wing section that was suitable for installation of a microprocessor
iype recording unit. This location was near the center of gravity and also the fatigue
critical points on the wing. Since the recorder and sensors are in close proximity, the
retrofit should be relatively easy. The data is recorded separately for flight and
ground conditions in peak and range type exceedance matrices with three divisions per G
resolution. This low cost concept will also be considered for improved fatigue life
tracking of other low G gust sensitive Fleet aircraft where both the need exlists and
retrofit is required.

RV,

The down-loading will be accomplished using an electronic interrogator that will
copy the flight data into a solid state memory device for mailing to the Naval Air
Development Center.

o ——

The Fatigue Life Tracking Program will be capable of calculating fatigue (crack Q
initiation) indexes and crack growth at multiple locations.
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TACTICAL AIRCREW COMBAT TRAINING SYSTEM

¢ The Tactical Aircrew Combat Training System (TACTS) was developed to improve fighter

| pilot performance. The system provides an instrumented airspace approximately 60-80 km
in diameter by 15-20 km in altitude. The instrumentation consists of a pod that.is
installed on the aircraft that senses and transmits aircraft kinematic and response
parameters to ground stations. The ground stations monitor, record, and can play back
this data for interactive and post fight pilot trainina.

—

As this system evolved, it became apparent that the recorded data could provide
valuable information for many other applications. One of these applications was to
provide aircraft loads parameters during air~to-air tactical training. Table 2 provides
a list of some important aircraft loads parameters that are available in time history
form. To accomplish this, two sets of computer software were developed. The first was
to read TACTS range data tapes to extract and load the needed aircraft and loads data
into a computer data bank. The second set of software would selec: desired data from
the computer data bank and carry out loads spectrum #nalysis functions.

There have been some operational difficulties that have adversely effected the
utilization of this TACTS range data as a ready source of combat training lonads spectrum
data. These difficulties have stemmed primarily from delays in updating the loads data
software for consistency with TACTS range software updates. In spite of inoperative
periods, this data has contributed to the development of the fatigue test spectrum for
the F~4S alrcraft, and {8 currently being used to prepare detail requirements for the
VTX and the A-6F aircraft.

The TACTS range data bank will continue to provide an up-to-date source of combat
training loads spectrum data for new alrcraft development, Since tactical alrcraft
expend a high percentage of their fatigue life in combat training, this can be a valuable
contribution especially if applicable data is not readily available from other sources.

TABIE 2. PARMMETERS USED FOR LOADS SPECTRUM ANALYSIS

o Weight (derived) o Roll Rate

o Mach Number o Pitch Rate

o Calibrated Alrspeed o Yaw Rate

© Normal Acceleration o Roll Acceleration (derived)
o Side Acceleration o Pitch Acceleration (derived)
o Axial Acceleration o Yaw Acceleration (derived)
o Roll Angle o Angle of Attack

o Pitch angle o Angle of Sideslip

o Yaw Angle o Altitude

70 MM FILM LANDING PARAMETER MEASUREMENT SYSTEM

The Naval Alr Development Center uses a 70 mm film photographic system for recording
landings to determine approach and touchdown parameters. The system consists of a 70 mm
half-frame camera to photograph aircraft landings, film readers to provide a means of
digitizing flight path motion of the approaching aircraft on a frame by frame basis, and
computer software and analysis techniques that determine the desired approach and touch-
down parameters for each landing. A second computer analysis routine provides indepth
statistical analysis of the individual landing parameters to provide survey results for
groups of aircraft generally broken down by type, model, and series. The hardware items
i are shown in Figure 9. Figure 10 shows a typical setup for a carrier survey. The setup

N dimensions are input to the snalysis program to enable the application of the system to
) different size carriers and also for field surveys. The film readers project the image
. on a screen for the operator to index key points on :he aircraft such as wing tips,

control surfaces, and wheel positions. The readers are tied electronically into keypunch
machines that digitize the coordinates of the keyed points. The analysis programs read
the card input data and calculate approach and touchdown kinematic and attitude paam-
eters for each landing. Some of the most used parameters provided by this system :re
listed in Table 3. [

SR it RO o

b X,

The results from these surveys are used to adjust wind over deck requirements,
adjust or impose limits on aircraft landing weight, and are the only source of landing
data available for development of new aircraft detall design requirements. Some addi-~
tional tasks that this system has been used for are: -
4 a. Helicopter hovering stability tests.
1 b. Escape system acceleration and trajectory testing.

¢. Helicopter landings on small ships.
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TABLE 3. PARMMETERS MEASURED WITH LANDING

©
o

o]

0O 0O 0000 0O

LOADS DATA ACQUISITION SYSTEM

Sinking Speeds

Approach and Engaging Speeds
Minimum Useable Airspeed for Jet Aircraft
Lift Factor

Adlrcraft Pitch and Roll Angles
Aircraft Pitch and Roll R tes
Distance from Ramp to Touchdown
Off Center Distance

Wheel and Hook Heights Above Ramp
Glide path Angle

Carrier Deck Pitch and Roll Angles

70 MM PHOTO SYSTEM

Edie s

3 e

.
&

‘
Cw gt
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FIGURE 9.

70 MM Film Landing Parareter Measurement System
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DISCUSSION OF SERVICE LIFE ASSESSMENT PROGRAM (SLAP) §

To provide a more detailed insight into the SLAP Program activity some of the past
and current efforts and results will be described.

As mentioned previously, the SL2P Programs consist of analysis, full scale fatigue
tests, and Flight and Ground Loads Surveys. The results of Flight and Ground Loads
Surveys are generally the backbone of the other efforts. These Survey results combined
with the individual aircraft tracking (e.g. SAFE) program results will identify the need
and provide the basis for additional analysis and test programs. The Landing Loads Survey
results are used to adjust wind over deck requirements for carrier landings and provide
the only source of landing data for new aircraft detail desian requirements. The Filight
Loads Surveys play a major role in determining aircraft longevity and modification or
extension program requirements.

The 70 mm film landing loads data measurement system has been used since 1964 to con-
duct 31 Landing Loads Surveys. Each survey normally consists of filming from 500 to
1,000 landings and are generally conducted on-board aircraft carriers during predeploy-
ment pilot carrier qualifications. Field landing and deployment surveys are also accom-
plished, but less frequently.

A recent Field Landing Survey conducted at a Naval Air Station during a period of
routine flight operations revealed that carrier aircraft seldom experience the low sink
rate "Field Landing” that is defined in the desian specifications. These aircraft nor-
mally land at fields like they would if they were conducting Field Carrier Landing
Practice.

The most recent carrier Landing Loads Surveys have shown that several of the aircraft
models land at higher approach speeds with higher sink rates than expected. They have
also shown that for some models the approach speed and sink rates increase as the aircraft
get older. The F-4 is an example of this: the mean sink and approach speed values
increased from 12.6 ft/sec and 145 knots, respectively to 15.1 ft/sec and i55 knots
between 1974 and 1980.

One of the pressing problems that effects most of the current Fleet aircraft relates
to the validity of the fatigue tests that were conducted in years past using blocked load
spectrums. The U.S. Navy relies heavily on the results of these tests for structural
integrity substantiation, and to provide a basis (fatigue allowables) for individual
aircraft tracking programs. In order to properly account for sequential effects, these
tests must now be redone and all new tests must be conducted with representative flight
by flight test load spectrums.

The sequential loads interaction effects are particularly significant on Navy carrier
aircraft because of the single flight stress reversals that are experienced in catapult
and arresting load sensitive structure. Testinig using representative flight by flight
spectrums have shown lives reduced by a sianificant factor from the blocked spectrum
results. Figure 11 illustrates the load cycle difference between blocked and flight by
flight loads for the A-6 aircraft catapult load reactive structure. The status of the
flight by flight load spectrum tests are:

Completed Underway Planned
s-3 E-2C A-6E
F-4S EA-6B KA-6D
E/TA-3 F-18 Ka-3B

F-14
A-4

The development of the E-2C fatique test spectrum is an excellent example of the
application of flight and ground load survey data. Since the E-2C was not procured with
a fatigue life tracking system, the fatigue life status was initially determined by
mission analysis with flight severity extrapolated from its sister aircraft (C-2) data.
It was recognized that this technique only provided a barometer for measuring fatigue
damage which became even less credible as the aircraft mission and configurations changed
with time. The initial concerns centered around a suspicion that these aircraft might be
experlencing a high frequency of load factors just below the 2 G level which was the low
threshold for the recorded C-2 flight data. To evaluate this, and establish a load
factor (Nz) spectrum for the new fatigue test, a l6-airplane, 6-level counting accelerom-
eter load survey was initiated.

The results frcm this survey were startling. The measured data showed substantially H
higher than expected frequencies and severity for N, exceedance levels. Figure 12 shows .
the proposed spectrum that was initially provided for the faticue test and the spectrum .
that was used after the Flight Loads Survey. !

This example highlights a couple important issues. The first is the need for accurate
loads monitoring systems to preclude making errors in judgment regarding usage severity.
The second is that a relatively small surveillance program, such as this one, can really .
make a difference and is worthwhile, even if all it does in some cases is to establish
confidence in major program results.
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Other fligyht usage survey work that has been recently completed or is planned for
the near term includes:

Recent Near Term

F-14 FFLS A-6E
CH-53D EA~6B
EC-130Q P-3C
AV-8C CH~-53E
E-2C AH~1T

RH~53D TAV-8A

SERVICE LIFE EXTENSION PROGRAM (SLEP)

SLEP Programs include the engineering, test, and aircraft modification efforts
needed to extend the life of aircraft beyond currently authorized limits so they can
continue to perform their mission until it is no longer needed. This has become common-
place with Navy aircraft as the original design life of carrent Fleet aircraft generally
falls short of their operational usefulness.

These programs sometimes require incorporation of imyroved futigue life monitoring
systems (e.g. A-3). These requirements are evaluated on a case by case basis and are
prescribed to address the specific aircraft concerns and needs. For instance, the A-3
will get a new Fatigue Life Tracking Program whereas continuation of the current program
is planned for the A-4.

The results of the individual aircraft tracking (e.g. SAFE) and Flight and Ground
Load Survey Programs play a primary role in determining what needs to be done to make
these extensions possible, and in establishing the scope and scheduling for incorpo-
rating modifications.

CONCLUSION

The major elements of the Aircraft Structural Life Surveillance (ASLS) Program pro-
vides an effective and economical means of assuring safety and longevity of Fleet air-
craft airframes. With the advent of multiparameter recording equipment, the effective-
ness of the ASLS Program will be even further enhanced. Some of the cost and emphasis
will probably shift from the Service Life Assessment (SLAP) Program to the Structural
Appraisal of Fatigue Effects (SAFE) Program as more of the multiparameter tracking
programs become operational. Though extensive survey work should diminish as more Fleet
aircraft are equipped with multiparameter tracking systems, unanticipated problems will
always require the measurement of additional data. For this reason, the U.S. Navy plans
to employ the new microprocessor technology to maintain and streamline Loads Survey
capability. Particular emphasis will be placed on improved systems to measure approach
and landing parameters and for direct measurement of ianding gear loads. The stream-
lining efforts will focus on the sys-em packaging, aircraft interface and installation
requirements and procedures, data ccllection and processing requirements and procedures,
and analysis and reporting techniques. These efforts will focus on increasing the
quality and quantity of data while reducing the costs and response time that are associ-
ated with the current Loads Survey aircraft instrumentation equipment and techniques.

EDITOR'S NOTE

The above paper was not presented during the Specialists’ Meeting as planned, due to the unavoidable absence of both
authors. After giving the matter careful consideration after the Meciing, members of the Panel gave special dispensation for
this paper to be included in its proper place in the published procoedings, for completeness. However, preprints were not
available at the meeting and there was no opporunity for discussion of the paper.
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OPERATIONAL LOADS DATA EVALUATION
FOR INDIVIDUAL AIRCRAFT FATIGUE MONITORING

by

Dipl.~Ing. Richard Schiitz
Dipl.~Ing. Rolf Neunaber

Industrieanlagen-Retriebsgesellschaft mbH
8012 Ottobrunn, EinsteinstraBe, Germany

SUMMARY

The individual aircraft tracking (1AT) can be an effective instrument for intro-
ducing the necassary maintenance activities which need to be adapted individually to
each aircraft.

One of the most important activities within the IAT scope is the processing of
operational loads data in oxder to calculate to consumed fatigue life of individual air-
craft. The installed operational service load recording systems for military ailrcraft
within the German Air Force include logforms, counting accelerometers and digital flight
recorders. Under consideration are systems for direct measurement of loads and damage.

Hence, a profound operational loads data acquisition and evaluation can be an
effective tool for cost savings during the operational life time of an aircraft.

1. INTRODUCTION

Alrcraft structures are subjected to growing demands with respect to complexity
of missions and configurations (multirole). For that reason there is a tendency that the
complexity of modern aircraft structures is also increasing as it can be seen in the
variable sweep wing technique for example.

For aircraft already in service, the fatigque life needs to be reviewed and
proved again by experimental and/or analytical studies.

Individual aircraft tracking (IAT) considers as the most c¢ffective way to deter-
mine the necessary maintenance actions for complex structures.

One of the most important activities within the IAT scope is the processing of
operational loads data in order to calculate the consumed fatigue life of individual air-
craft. The installed operational service load recording systems for military aircraft
within the German Air Force include logforms, counting accelerometers and digital f£light
recorders. Under consideration are systems for direct measurement of loads and fatigue
life consumption.

Hence, a profound and comprehensive operational loads data acquisition and
evaluation will be an effective tool for cost savings during the operational life time
of an aircraft.
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OBJECT OF FATIGUE MONITORING PROGRAMS

In service, generally each individual aircraft is subjected to different
operational loadings, which will cause different damages in its fatigue prone areas of
the airframe structure. FIG 1 shows these facts exemplified on the wing lower skin of
a fighter aircraft.

For aircraft having flown the same number of f£light hours in comparable missions
(fighter bomber) a considerable scatter in consumed fatigue damage up to a factor of 5
could be observed. Consequently, a factor of 5 exists between the mildest and the most
severe flown aircraft considering identical flight hours. If no fatigue related monito-
ring programme is carried out, maintenance actions like inspections, modifications,
exchange or scrap of components have to be done at the number of flight hours which the
most severe flown aircraft is allowed to accumulate taking into account a defined proba=-
bility of failure. That means, that for all remaining aircraft, the relevant maintenance
actions come too early since they are flown in a mildex way.

The fatigue monitoring program allows the maintenance actions to be introduced
on the basis of the accumulated damage rate which can be calculated for each aircraft if
loading is recorded for each individual ajrcraft. Therefore maintenance actions for a
fatigue critical area will not primary be defined by accumulation of a certain numbexr of
flight hours, but after reaching a -damage rate of 100 %, which will mean a different
number of flight hours for each aircraft.

With consideration of the life already consumed and under certain assgumptions for
future operect‘on the remaining flight hours for utilization before maintenance actions
fall due, can be determined. Additional logistic data concerning reguired tools, spares
and personnel can be defined more precisely with the aid of fatigue monitoring.

With mission specific load sequences, extracted from recorded data of individual
ajircrafts an operation control is possible to a certain extent.So, for ingtance aircrafts
with high damage rates could allocated to fly less severe missions and/or configura-
tions, whereas aircrafts with low damage rates can be rotated to high damaging missions.

3. INDIVIDUAL AIRCRAFT TRACKING PROGRAM (IATP)

The purpose of the IATP is to determine the attained damage as percentage of the
allowable fatigue life or, with other words, to determine the consumed life of each
individual fatigue critical structural component. FIG 2 shows the main activities of
the IATP:

- LOADS AND COMPONENT DATA ACQUISITION
With individually adjusted load monitoring systems the relevant load parameters will
be recorded for all flights for each aircraft. Additionally the component identifica-
tion information (serial number) is registered.

These data are forwarded to the Central Evaluation Department (CED).

Special checks are applied in order to separate, correct or replace faulty data.




~ DAMAGE CALCULATION
‘ According to the design philosophy of the aircraft strur~tuce, the appropriate damage
} calculation philosophy is applied:

1
!
i
i

o for safe life structures the calculation is based on S/N curves and the Miners rule
[71}, [2} is used to determine the accumulated damage. Usually the loads data will
be processed to a cumulative frequency stress spectrum.

o In damage tolerant designed structures initial flaws are assumed in the new built
structure. They are monitored until defined crack sizes are reached, depending on
the associated maintenance action (economic repair, replacement, inspection).

In order to calculate the crack propagation, the cycle by cycle information of

the stress sequence is considered to obtain special retardation effects
{3, 41.

= DERIVATION OF STANDARD LOAD SEQUENCES OR SPECTRA (SLS)
Out of the registered loads, typical sequences are extracted in order to create speci-
fic parameter or load histories for full scale or component tests as well as for refe-

rence spectra (standard unit spectra, SAS). These load sequences or spectra should
satisfy the following criteria:

o the mean damages of the registered load sequences of individual aircraft should
be equal to the mean damage of the SLS

o the distribution of actual flown missions, configurations and other relevant
operational parameters (e.g. vertical acceleration, flight duration, altitude,
velocity) should be characteristic for the aircrafts operational usage. In some

J cases more than ope SLS or spectrum has to be determined for the weapon system

under consideration e.g. different SLS for combat and training missions.

= FATIGUE LIFE SUBSTANTIATION

The fatigue life of aircraft structural components is demonstrated on the basis of
relevant requirements [S5}, (61, ([7]:

0 Full Scale Tests
Major structural components such as center fuselage, wings and empennage are
fatigue tested in complex rigs, the fatigue critical areas found are investigated
with special fracture mechanic related methods.

; o Component Tests

For special substructures like landing gear, stabilizers, forward fuselage portions,
separate tests are carried out.

5

“

g o Arithmetical Analysis

¥ In case of structural modifications due to insufficient fatigue 1ife or for minor

£ subassemblies theoretical analyses have to be done.

3 o Operational Experience ?

¥ Additional operational experience of each in-service loading can be helpful to

3 correct test and analytical results.
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The loading program for the fatigue tests and the arithmetical analyses should be
based on the SLS.

If the relevant tests are carried out in the structural design phase, estimated load
sequences which are often derived from similar type of aircrafts must be used. For
the operaticnal usage phase the fatigue test life is scaled to a SLS related fatigue
life.

- CALCULATION OF ALLOWABLE FATIGUE LIFE

The allowable fatigue life depends on the planned maintenance action
o inspection

o economical repair

o replacement/scrap

and the design philosophy
o safe life
0 damage tolerance

For safe life designed structures the scatter of fatigue life is related to a low
probability of occurance of a damage which in turn is dependend on the structural
safety class of the considered component (FIG 14).

For damage tolerant structures the flaws assumed to exist in the new built structures
and which escaped detection during quality control are related likewise to a low

probability of occurance.

The attained life at the crack size, which is associated to the planned maintenance
action, is the allowable life for a damage tolerance structure.

The allowable life is always related to the standard load sequence or spectrum,

- CONSUMED LIFE, DAMAGE RATE

The damage of each component in each individual aircraft is related to the allowable
life. The ratio in percent represents the consumed life or damage rate.

FIG 3 shows a typical printout of the iudividual aircraft tracking program for a
fighter bomber. It should be noted that in case of symmetrically arranged components,
like wings, it is attempted to combine components with nearly equal damage rates in
order to synchronize the inspection activities.

= PREDICTION OF MAINTENANCE ACTIONS

In order to get information for planning inspections (personnel and devices), exchange

(spare part availability and provisions) or economic repair (tooling) a prediction

method is applied which contains the following criteria

o the ~ircraft is flying in the same squadron in future

© the mean squadron load sequence or spectrum is used for the prediction

o the maintenance action to fall due is integrated into the next suiteble depot or
field maintenance

In FIG 3 the predicted flight hours until a maintenance action must be taken (100 8)
is listed for different fatigue critical locations.
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4, LOAD MONITORING SYSTEMS (LMS)

The primary object of load acquisition is to get information from the fatigue
critical areas in terms of strain or stress to calculate the damage in incremental
steps per load cycle. The systems which are used or which are under consideration to-
day for IAT “asks can be divid2d into

flight parameter measuring systems
direct strain measuring systems

on board damage calcuiation systems
- load cumulation systems

The selection of the most suitable system for a defined fleet of aircraft depends on
the following criteria (FIG 4)

= COMPLEXITY OF THE STRUCTURAL DESIGN AND LOCATION OF FATIGUE CRITICAL AREAS
The higher the degree of complexity of the structural design, the more complex is the
data acquisition system, e.g. for fixed wing combat aircraft designed in the mid 50’s
counting accelerometer, partly in combination with simple recorders (VGH), are suffi-
cient for IAT purposes. For highly complex structures of sweep wing aircraft highly
sophisticated data acquisition systems are necessary.

Fatigue critical areas located at inner wing/centre fuselage normally can be monitored
by counting accelerometer systems other locations need further systems.

-~ COSTS EFFECTIVENESS CONSIDERATION

The total costs - the sum of system hardware and regular evaluation - for the IAT
should be a minimum, since the amount of data from IAT can be tremendous.

Therefore, data acquisition systems should have a high reliability level, otherwise,
due to system fatlures additional repair costs as well as penalties for the consumed
liZe must be taken into account.

A concept with a simple data acquisition in all aircrafts and a complex system in a
few aircrafts has been proved as good compromise.

Within the scope of a basic investigation the total fixed and current costs of the
applicable load monitoring systems are compared with the expenditure of costs to
carry-out the necessary maintenance actions. Generally, the maintenance action costs,
economized by load monitoring, must be considerably higher than the fixed and current
fatigue load monitoring expenses.

= REQUIRED DATA DISINTEGRATION

Repeated loads result in damage accumulation for safe life structures or in crack
propagaticn for damage tolerant structures. For both damage calculation philosophies
the strain or stress conditions at each load maximum and load minimum have to be
determined at fatigue critical locations. Since at these locations the elastic and
plastic loading reactions can not be described exactly, considerations concerning a
concept to overcome such deficiencies have to be investigated.

A suitable transferfunction T is to be defined in order to describe the correlation
between the relevant strain/stress at the starting point of the crack and the registe-
red IAT parameters or recorded strain/stxess sequences [8].
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4.1 FLIGHT PARAMETER MONITORING SYSTEMS

Flight parameter monitoring systems are applied primarily to data acquisition
systems installed in all aircraft as well as to sophisticated data acquisition systems
installed in a representative sample of aircraft. Cne of the most widespread acquisition
systems for the vertical acceleration of aircraft is the

o COUNTING ACCELEROMETER (g-METER) (CA)
This device is a relatively simple indicator with a relatively high degree of
reliability. If the variation of fatigue relevant - eters other than vertical
acceleration is negligible, the reading intervals can be chosen from 25 to 100 flight
hours, otherwise a flight by flight reading with additional log-recorded parameters
is necessary, especially in the case of highly variable external store configurations.
The relevant transfer functions T1 and T2 (FIG 5) are applicable. These transfer
functions contain a large portion of estimated data which are based on statistic.:
assumptions, so that a defined worst case is covered. Since a specific aircraft is
not always flown under severe loading sequences and another one not always under
exclusively mild loading sequences but rather a mixture of both loading types, a
special scatter consideration is necessary. In FIG 6 these facts are shown for typi-
cal fighter bomber squadrons with the characteristic decrease of damage scatter for
increasing number of flight hours. Therefore, if the lifetime of components is long
enough, the statistically based load data are in an acceptable range. The structural
areas which can be monitored by counting accelerometer are essentially limited to

- center fuselage
-~ inner wing

Since the hardware costs of counting accelerometers are relatively low, this system
is used mostly in 100 & of the airxcraft of a certain fleet.

O DIGITAL FLIGHT PARAMETER (DFP) RECORDER

The function of the DFP-Recorder is to register, to digitalize and to store the values
of defined parameters during a flight onto tape. By means of a transcriber the data
are converted into a format compatible to processing. Two categories of DFP-Recorder
which differ mainly in data volume, can be discerned:

Velocity-Gravity-Height (VGH) Recorder

For aircraft structures with a relatively low complexity a VGH recorder in combination
with a flight log, containing information on weight at start and landing as well as
configuration is useful. With a transfer function of T3 (FIG 6) type in which unsymme-
trical loads must be estimated or a statistical basis and special load effects - e.g.
buffet, tip stall - are integrated, the registered data are transduced to a peak and
through stress sequence for damage calculation. Since the expense in calculation is

in most cases tremendous, the VGH recorder is used as an additional data acquisition
system in about 15 to 20 % of all aircrafts in combination with CA in 100 % of the
aircrafts.

Due to the electronic micro-miniaturization the potentiality of VGH-type recorders
will increase so, that at the same hardware-weight a multichannel recorder or an
on board damage calculation system will be available.




The major disadvantage of the VGH-recorder against the multichannel recorder is
the missing information on welight conditions, configuration and unsymmetrical

! loads. These informations must partly be handwritten on a special log form.
Essentially the

- front and center fuselage
« inner and outer wing structures

are covered with the VGH recorder. The percentage of data drop outs for the whole
system, consisting of the recorder unit and the transcriber, comes to less than 5 %.
A typical sequence of vertical accelerations with a specific data trouble (spikes) i
and their correction demonstrates FIG 7.

© MULTICHANNEL (MC) RECORDER
In principle the MC recorder is an extended VGH recorder, registering additional
sequences of aircraft parameter such as angular rates and lateral accelerations,
fuel quantities, external store drops. FIG 8 shows the structural relevant para-
, meters with the respective sampling rates for a planned MC recorder, at the moment
under development for a complex sweej ~+ing fighter aircraft.

As it can be seen, provisions are assigned to operate strain gauges. With these
strain gauges a double evaluation is possible:

- for fatigue critical locations, which are covered by the transfer function
type T4, a regular correlation- and regression analysis between the flight para-
meter and the strain or stress at the fatigue critical area and thereby an actual
i adaptation of the transfer function T4 can be performed

- for fatigue critical areas, which cannot be covered by registered flight para-
meters such as landing gear and empennage, from the direct strain measurements
' representative stress/strain sequences or spectra can be derived.

With this ability the MC recorder comes into the category of direct strain measuring
systems. Likewise strain gauges are helpful if an unexpected critical location
occurs during service and a quick estimation of the possible fatigue life is
necessary.

Because of the comparatively high datavolume an installation into 10 to 20 percent
of aircrafts in the fleet is reasonable. Data loss dve to sensor defects or electro-
magnetic disturbances add up to 15 to 20 percent.

i The registered VGH and MCR recorder data must be evaluated so, that a level-corre-~
lated damage-transfer on a mission specific-basis gives the possibility to calculate
damage relevant indices from counting accelerometer readings.

4.2 DIRECT STRAIN MONITORING SYSTEMS

The fundamental parameter for any damage calculation procedure is the stress/
strain history at the location, where a crack occurs and propagates with load assozia-
ted rates.
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Besides the possibility to integrate strain gauges into the MC recorder, an
important system for strain registering is the

- MECHANICAL STRAIN RECORDER (MSR)
The MSR works as a mechanical strain gauge, "scratching® the sustained strain history
onto a metallic tape stored in a cassette (FIG 9). One scriber scratches the record
trace, another scriber is scratching a reference tiace, whereby the dtfference between
these two traces is a measure for the applied strain (9]).

Due to a backlash of the recorder and a minimum peak sclution of the data transcriber
unit, amplitudes greater than 0.0025" are registered.

The available gauge lengths measure 3, 5, 8 and 10 inches. The 8 inch MSR proves to
be an acceptable compromise for aluminium structures of transport aircraft, since the
strain solution is sufficient, an adequate calibration can be carried out.

The MSR is at the moment installed for test purposes in 4 transport aircraft wings in
the GAF (FIG 10). This component offers enough room for bonding a MSR with good
accessability and the most fatigue critical location of the wing is near a spliceplate
for which a transfer function T4 (FIG 5) can be calculated. So far the measured time
with MSR installied totals up to approximately 500 £light hours. Within this period an
interval of about 35 £1light hours was not reproducable, because one mounting block
had loosened.

The necessary transfer function TS5 was determined by conventional strain gauge cali-
brations. The calibration after each cassette removal is done by filling the fuel tank
with a defined amount of fuel, producing a difference in wing bending moment.

The results of the test operation nsage show that an extension of the MSR installation
into all transport aircrafts can be effective, especially since no additional data
needs to be read by the crew as it is necessary up to now with other systems.

4.3 ON BOARD DAMAGE CALCULATION SVSTEM (OBDCS)

A "weak" point of the DFP Recordexr (VGH and MC recorder) is the data transfer
procedure, that means writing the digital information onto a magnetic tape in the DFP
recorder, subsequently transferring the DFP recorder data via transcription unit onto
a computer compatible magnetic tape and format for damage calculation. The loss of data
reaches about 5 to 20 percent depending on the adjustment of the micros in the recorder
and the data transcription unit.

Therefore, planning studies-are initiated, to calculate the damage in an OBDCS.
The subprograms necessary to calculate the damage according to a linear damage accumu-
late method are shown in FIG 11. For each subprogram the estimated storage capacity for
random access memory (RAM) and read only memory (ROM) as well as erasable programable
read only memory (EPROM) are shown in this figure.
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The dominant subprograms contain the following procedures

- DATA CONTROL AND CONDENSATION
In this routine the incoming data are checked with respect to gradient and amplitude
and, if necessary, corrected. In a second step the values are condensed to an adapted
peak and through sequence, considering a threshold for elimination of noise from the
used record.

- STRESS CALCULATION FOR EACH CRITICAL LOCATION
With application of the function of T4 <ype (FIG 5) bending moments and/or shear/
tension forces are determined out of the recorded flight parameter and then the
stress is calculated for each critical location by a linear function.

- RANGE PAIR COUNTING
In this subprogram the number cf stress ranges are calculated, taking into account
the mean level and a specified threshold. In addition the rain flow cycle counting
method is applied in order to tix the damage relevant cycles and half cycles (10).

- DAMAGE CALCULATION
The damage calculation is based on a conventional damage accumulation method accor-
ding to Palmyren/Miner. For each fatigue critical location a set of S-N data is
stored in an EEPROM for easy exchange of data. The damage calculation is carried
out on demand only.

- RESULT STORAGE
The actual damage sum for each fatigue critical location is gtored in an NV RAM, the
values can be read out by a hand held terminal on demand. The individually accumu-
irted damage rate of a component is calculated as the quotient of the component damage
sum to the allowable damage sum.

Beside the above described function, the OBDCS is used for additional tasks, for instance
to control the flight limitations and other defined events.

4.4 LOAD CUMULATION SYSTEMS (ICS)
At the moment two systems are taken into consideration:

- FATIGUE GAUGE (FG)
The FG resembles in appearance a foil strain gauge. When bonded near a fatigue criti-
cal location, the FG creates an electrical resistance change as a function of the
applied load [11].

For evaluation of the endured fatigue damage, two different types of FG are necessary
a directly bonded FG and a multiplied FG.

Fatigue critical locations develope in most cases at fastener holes with no direct *
accessability. Fatigue gauges are therefore in these cases not applicable, since an i !
direct extrapolation from a location of varying stresses is impossible. g
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Another proklem arises with the requirements concerning the Ohmmeter in service
usage. The measured resistance values between two reading intervals can be in the
range of the measuring accuracy. Therefore, FG's are used until now only in labora-

tory applications.

EMS (SYSTEM FOR MONITORING FATIGUE LOADS)
The EMS, under development by DORNIER is based on specially prepared, polished and
annealed metal foils, which are bonded near the fatigue critical locations of compo-

nents.
A restriction is, that the location must be accessible for an optical reflectance
measuring (ORM) system (12].

FIG 12 describes the EMS evaluation steps:

o EMS ON FULL SCALE FATIGUE TESTING
For full scale fatigue testing to each possible fatiqgue critical location an EMS

is bonded. At defined intervals of test hours the mamentary degree of reflectivity is
monitored with an ORM System and related to the initial value (relative reflec-

tivity). The allowable life is defined and the relative reflectivity is registered.

o SPECTRUM VARIATION
Tests with special specimens are carried out whose stress distribution equals as
far as possible that of the FSFT with a variation in frequency and amplitude of
the stress at a defined faligue critical loaction. Simulation of the variatior in
service gives the basis for the fatigue monitoring program.

o FATIGUE MONITORING WITH EMS
Each individual aircraft of a certain fleet will be supplied with one or, for
redundance, two EMS at each fatigue critical location found in the tests.

At defined intervals, about once a month, the EMS reflectivity is registered with
the ORM system and sent to the CED. The reported reflectivity values are inter-
polated to the "life line" from which the consumed life and the remaining life
will be calculated.

At the moment two foil materials 2re under evaluation: aluminium and tin.
Tin has, compared with aluminium, a higher sensitivity but likewise a higher failure
rate. This problem has to be solved before operational usage comes into guestion.

5. VERIFICATION OF FATIGUE LOAD MONITORING

The validity of recorded loads can he confirmed by investigation of cracks
occuring during operational usage. A striation counting method was developed in order
to correlate the calculated or measured stress cycles to the crack propagation investi-~
gated on the failed component {(13}.

Exemplified on a crack which occurred on the lower skin of a fighter bomber aircraft,
this method will be described (Fig. 12):

o The cracked bolt hole was cut out from the damaged component and subsequently opened

It $we
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© Under the electronic scanning microscope the striations were counted as a function
of the crack length and integrated over the full crack length,

o The individual load sequence, in this case counting accelerometer readings was
randomized to a vertical acceleration sequence and was treated with the transfer
function to get the stress sequence.

0 A crack propagation calculation with variable parameter along with a linear damage
calculation according to Palmgren-Miner's theory was carried out and correlated with
the striation evaluation. As a result of this analysis different measures have to be
taken:

~ Adaption of the fatigue allowables in form of damage sums

- Correction of the crack propagation calculation parameters, expecially the retar-
dation behavior parameters

- Revisjion of the transfer functions in order to improve the assumptions concerning
the estimated parameters

With the principles of fracture mechanics the applied fatigue load monitoring prcce-
dures can be verified by analysis of service cracks, if these are utilizable.

6. BENEFITS OF LOAD MONITORING FOR OPERATIONAL AIRCRAFT USAGE

All optimized fatigue relevant maintenance need to be based on the operational
loads occurring in a definite interval,

Taking into acccunt, that the fatigue strength and the initial tlaw distribution
of a structural component scatters due to manufacturing influences such as drilling holes
and milling notches with blunt tools as well as heat treatment processes, a possible "weak"
element containing a flaw resulting in a low fatigue strength with a defined low probabi-
lity has to be considered.

O SAFE LIFE STRUCTURES
If no individual alrcraft tracking program with load monitoring is carried out for
safe life designed structures, the interaction of scatter in strength and loading must
be considered (FIG 14):

- For a fatigue critical component the statistical distribution of the test hours
related to the reference spectrum at the allowable crack length is calculated. The
allowable crack length depends on the associated maintenance action: é.g. economic
repair by reaming the hole or exchange of the part, but also from inspection method
and degree of inspectability.

Based on results from a lot of representative tests for the standarxd deviation of
fatigue strength a average value of SF = 0.1299 or a scatter of 1:2.15 is assumed.
In order to get the mean value of the total population, a risk factor is introduced,
calculated according to logR = SF/vr; with n being the number of test specimens.

I
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- With fatigue load monitoring generally the scatter fcr the fatigue strength needs
be considered because for each individual aircraft the fatigue relevant loads are

known. The probability of occurance of the allowable crack length is a function
of the structural safety class and typically ranges from 102 to 10”5 for highly
critical parts.

~ Yithout fatigue load monitoring the interaction of fatigue strength and the loa-
ding variation has to be considered The standard deviation of _oading is normally
determined@ from the measured portion of the 1000 flight hours related damage sums
of aircrafts in a defined squadron type. Dependend on the flown sorties, the stan-
dard deviation of loading varies for combat aircraft in the range from 0.10 to
0.16, for transport aircr.ft from 0.11 to 0.15, related to 1000 f£light hours damage
sum.

- In FIG 15 the gain in operational fatigue life due to load monitoring as a functi. «f
the loading scatter is shown for discrete probabilities of damage occurance. As it
can be seen, fatigue relevant maintenance actions are necessary in average 25 % to
100 ¢ iater with IAT, depending on the loading scatter and the probability of
damage occurance.

IAT is particularly effective if the flown missions vary un a large scale. This is
the case when secondary roles supplement the primary role, for instance when rec-
conanaissance missions are extended by air to ground or air to air missions.

DAMAGF. TOLERANCE STkuC%URES

For damage tolerant structuies, monitored by counting accelerometers and digital
recorders, a level related damage index can be determined, so, that the g-level corre-
lated portion of crack nropagation gives the allowable number of cycles until failure
occurs (FIG 16).

I1f the fatigue relevant loads are not individually monitored, for instance by coun-
ting accelerometers (CA), a damage index related to one flight hour, is calculated,
so, that a defined probability of occurance is covered. FIG 6 demonstrates a charac~
teristic example for the flight hour dependent scatter of loading with the damage
index for unmetered flight time in relation to load monitored flight time.

CONCLUSIONS
Fatigue load mnnitoring i~ an effective tool

to reduce maintenance expensa ov individual adar ion «f the regis red fatigue :ele-
vant loads for each critical location

to extend fatigue life beyond the planned operational period with determination of
the additional structural improvements

to predict the date of maintenance action in order to provide the necessary personnel,
tools, jigs etc.
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The most suitable data acquisition system for fatigue load monitoring can be determined H
by the following criterias (FIG 17):

- cration of the fatigue critical area

~ hardware- and evaluation costs in relation to the effected maintenance effort
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PARAMETER PARAMETER DATA SAMPLING
NO. TYPE RATE
1 PRESSURE ALTITUDE DS 0.5
2 CALIBRATED AIRSPEED DS 0.5
3 NORMAL ACCELERATION A 16
Yy TRUE ANGLE OF ATTACK ] 2
5 ROLL RATE A 8
6 PITCH RATE A [
7 YAW RATE A 2
3/9 TALLERON POS. (PT/STBD) | A 2x4
10 OUTBOARD SPOILER PT A 1
1 INBOARD SPOILER STBD A 1
12 RUDDER POSITION A 2
13 WING SWEEP ANGLE A 0.5
14 ELAPSED TIME INT, 0.5
15/16 SPARE 1/2 {STRAIN GAUGE) A 16/4
/18 FUEL FLOW (PT/STBD) F 171
19 FLAP POSITION A 1
20 SLAT POSITION A 1 A = ANALOG
2 INITIAL DATA & SPARE ) 1 F = FREQUERCY
22 INITIAL DATA & SMS DS 1
23 INITIAL DATA, SPEC. WEAPON | DS 1
24 OLEO SWITCH D 0.5

EIG, 8 STRUCTURAL RELEVANT PARAMETERS FOR A MULTICHANNEL RECORDER
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FIG.9 PRINCIPLE OF MECHANICAL STRAIN RECORDER (MSR)
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COMPARISION OF APPLIED DATA ACQUISITION SYSTEMS
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TYPE SYSTEM AREAS WARS PROGRAM 1AT
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STRUCTURAL FLIGHT LOAD MEASUREMENT
DEMONSTRATION OF STRUCTURAL INTEGRITY
by ;
£. Rauscher
Flight Test Engineer, Airbus Program
Messerschmitt-BSlkow-Blohm GmbH
Toulouse, France )

ABSTRACT

In this paper structural flight load testing is reported. Procedures presented as an
example here were used for flight testing on different types as fighters and military
and civilian transport aircrafts,

It is described to obtain flight loads from calibration methods including strain
gauge bridge selections. There are several evaluation methods for short and long flight F
periods to check design loads for static and fatigue criteria. The Maximum Likelihoo k
method is used to investigate aerodynamic coefficients. Counting procedures are used
! for statistical purposes.

. I. INTORDUCTION

Load measurements sexrve to check for adequate dimensioning of static ana dynamic load
cases as well as establishing critical loads, which are not adequately covered by rele-
vant specifications. Such measurements are a reyuirement of military and civilian
specifications and regulations.

The MIL-A-8871 specifications require for cercification structural flight load te-
sting in a very complete description and a lot of measurements, e.g. wing load distri-
butions of shear, bending, torsion etc.. This specification covers also flight test
requests.

Of late, FAR part 25 § 25.301 requires such flight load tests for commercial aircrafts.
But udditional to the airworthiness requests, manufactures of military and civilian aix-
crafts are interested in development tests for loads, ~tresses etc.. This closes a lo-
gical circle, which, depending on the progress of the dimensioning and/or certification
phase consists of: model testing, determination of input data for calculation of sectio-
nal loads, static and dynamic tests and finally, zontrol in form of £light testing in- J
corporating the determination of the stationary and dynamic behaviour of the overall
alrcraft and its components.

For checking of the assumed load spectra for the fatigue test, long-time inservice
measurements are taken. The measured data (component loads, accelerations deflections
of rudder etc.) are assessed on the basis of statistical procedures and thus, the actual
load spectra derived. These results are taken as a basis for a comparison with and/or
the required correction of the assumed load spectra. ‘

- ———

An analysis of these load measurements in a positive case allows interference in
frequently very costly major tests to achieve econoumical corrections. In the opposite
' case, i.e. with a prevailing necative result, the analysis facilitates the elimination '
of weaknesses prior to commencement of production.

Additionally, information is available which will provide morzs exact flight computer,
simulator, control unit and flight control system inputs, this acquiring relevancy for
direct 1lift control, manoeuvre load control, gust reduction etc.

These load measurements are based on strain gauges installed in the aircraft. The
gauges permit precise load measurements when they are sensibly arranged and calibrated.

The incorporation ¢f data describing the flight condition (movement parameters)
enables an analysis of load portions.

II. CALIBRATION PROCEDURE AND STRAIN GAUGE BRIDGE SELECTION

Calibrated strain gauges are commonly used to obtain flight loads. They are in-
stalled at those places of the structure, which are assumed to show linear relation-
ship towards loading. As a rule shear bridges are bonded to spar webs, bending bridges
onto spar flanges or stringers and torsion bridges onto the skin. The load calibration
will be performed by applying discrete loads in a grid pattern over the surface. Strain
outputs u,!L__ a8 a nondimensional gauge response siue to load will be recorded. So a

load equatioﬁohan be developed in the following form:
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A rectangular matrix system is generated, whose load vectors may alternately be shear,
handing or torsion. The following example contains n loads and j strain bridge outputs.

In general form the calibration procedure is described in NACA Report 1178.

L, Bu B Bia Wy Bu
L2 By B2z By . Py By
Lal 7 By Bap Byyeoi iy Bn
l.-n lini Bn2 ﬁn‘.l---pnj B!j

The solution of this overdetermined equation system n>3j is conditioned by the non-linea-
rity of measured values, i.e. this equation system is solved for {p\ ] , according to
the method of least squares. Thus an influence coefficient is derived for each bridge.

Retrcactively, a control vector for each calibrated load of the measured load can be
calculated from solution 8, For this, the difference baetween applied and measured cali-

bration {s derived as follows:

feul = fLf - gL

Thus, the following probable error of the load vector resgults:

PE (L) = 0.6745 ] &8
-lj-1

Error estimation of the influence coefficients for each bridge are achieved by using
terms (variances) of the main diagonal of the following matrix:

My My My .My,
My Mg My ... My

-1
=y UT il
M3y My My .. My [ W u"l]

My My My ... m“

‘From this, the deviations of the B - values are obtained:

PE.(8y)) Vg
PE.(f),! \m,,
PE.B,) vy

P.E. (8) must be understood as a scatter value of the coefficients. Thus redundant and
irrelevant bridges can easily be detected and sorted out. However, during the frequent-
ly time -~ critical calibration phasa it would be too troublesome, to manually prepare
a new combination of matrices subsequent to the solution of the first equation system

and the first P.E., (8). This will never be optimal,
The evaluation of the calibration will be done by computer program automatically:

All bridges are always incorporated into the matrix to determine 8~ values and errcr -

Subsequently the program generates the quotient BETA .

outputs, —l
P.E. (BETA)

e
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; Thus sorting out the worst response column, in which this quotient holds the smallest
value. In doing so, the first "bad" bridge is cancelled and the procedure automatically

commences with a new, smaller measuring value matrix. This procedure is applied for all :
load vectors until only one bridge is left over.

The error of the load is by no means at a minimum when incorporating all bridges. On

the contrary it rises upon sorting out of a few measuring value columns and rises again
when a small number of bridges prevails. (See figure 1)

\

REDUCED ERROR

N\

o
NUMBER OF BRIDGES

FIG.1 ERROR DUE TO BRIDGE ELIMINATION

When selecting the bridges the decision should rather be made in favour of a small
number of bridges with a reasonably acceptable error, since most measuring points are no

longer accessible after failure. Even in case of a bridge failure new combinaticns which
can be calculated beforehand can be prepared.

So the optimal bridge selection can be carried out in regard to load error and number
of strain gauge bridges. The realization can be done either in generating electrical

bridge summation circuits or by recording single bridge responses and using computer to
add those signals to obtain pure load measurements.

Electrical combinations have been successfully used in flight load testing of military
aircrafts TRANSALL C160, VAK 191B, TORNADO undercarriages and in the aircraft VFW 614.
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IIX. SURVEY OF EVALUATION TECHNIQUES AND EXAMPLES
In order to check assumptions and tests relating to the structure, evaluations must
be carried out for the entire frequency range (0% £ 4 5000 Hz). In the case in question,
a distinction is made between dynamic and static problems.
To permit an assessment of service life issues on the basis of flight tests, it is
imperative that long-term measurements be performed with definite load parameters. Such
long-term measurements must cover a period of at least one year to fulfill certain sta-
tistical safeties and to make allowance for seasonal meteorological influences. More-
over, the data are to be acquired in scheduled service in order to obtain information on
characteristics typical for service conditions.
Statistical counting methods are employed to evaluate such a_large quantity of data.
Detailed descriptions of this are given in the references. [10],
Standard methods worth mentioning:
1 - range pair
- level crossing
- peak counting
- rain flow 1
These are one-dimensional methods describing the measured parameter as a function of
the frequency.
Two-dimensional methods are also applied, showing the dependence of two parameters as
a function of the frequency. (Example: connection between vertical tail load and the
roll moment at the horizontal tail or the landing gear loads in forward and lateral di~ H
recticn). I

Long-term measurements involve a minox test scope with reference to the life of an R
aircraft. Extreme value distributions are used for extrapolation of the evaluated spec- .
tra with regard to the life. Unfortunately, such evaluations of scheduled flights are !
only available very late, so that it is necessary to perform such investigations before~
hand during flight tests. Many ground taxi runs and ferrxy flights to test locations can
be used for this purpose.

o amen

In point of fact, the result of long-term measurements serves to check out the loads
agsumed for fatigue. Corrective measures can be intzoduced into the demonstration cal-
culations and tests. Application to aircraft variants is very helpful.

ALY

J 3 From the point of view of timing, the check of static demonstrations is more favourab-
le. Structural flight tests should commence early on in the flight testing phase.
Corresponding regulations give definitions of the flight conditions with which the load
level is checked. 1In contrast to the civil regulations FAR 25 § 301, the MIL specifi- 4
cation of the structural flight tests, detaiiing the components and locations at which -
loads should be measured. This specification gives basic values of the flight spectrum
(e.g. Mach number, altitude combinations) as well as defined abrupt manoecuvres with the
aim of reaching a predetermined load level. Prior to completion of the static laborato-
ry tests, 80 % of the limit load and after the test 100 t of the lamit load must be de~
monstrated in flight. Extrapolation to the limit load should here take place at an

* early stage.

M e et e

The aim is to disturb the dynamic system, i.e. the aircraft in such a way that a
clear answer can be evaluated. An abrupt short manceuvre is very unsuitable for this.
Although a high load level is reached for a short time, the dynamic informatory content
is small. Control surface inputs which excite the aircraft to such an extent that both
the rigid-body motion and phygoids are clear, are more favourable.
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Extensive examinations are detailed in references [8].
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We have decided in favour of the

multi-stage signal that can be controlled by the pilots.

POWER SPECTRAL OENSITY
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FI6.3 FRERUENCY DOMRIN COMPARISON

OF UARIOUS INPUT SIGNALS

see Ret 8

After some practice, the pilots were able to apply the control surface inputs so that
the power spectrum of the disturbance is Satisfactorily complete.
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Fi1G.4 PILOT FLOUN INPUT SIGNALS

see Ref.8

Aerodynamic coefficients obtained by way of wind tunnel measurements and empirical
procedures serve as a basis for dimensioning in the design phase., An important step in

the certification phase during flight test

In the past, so-called digital matching
flight load parameters.

ing is to check these values.

procedures were used by us to recalculate the

The measurement and calculation were adapted by manually mani-
pulating the aercdynamic coefficients entered into the mathematical model.

This proce-

dure is uneconomical because it requires much time and requires considerable experience

on the part of the user.

Recently, the Maximum Likelihood procedure has been used.

Details will, however, not

be given on this procedure here as references provide an extensive description of it [7].
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MEASUREMENT NOISE

RESPONSE

DEFLECTION OF
CONTROL SURFACES

TN

SYSTEM NOISE DATA REDUCTION

i | |
MATHEMATICAL MODEL
1

IDENTIFICATION ALGORITHM

INNOVATION OF PARAMETERS |

FI16.5 FLOW CHART CF PARAMETER IDENTIFICATION

Based on the good cooperation with the DFVLR (German aerospace research and test in-
stitute) in Braunschweig and Oberpfaffenhofen, we have adapted computer programs which
are used with and without Kalman Filters. With these it is possible to eliminate both
measurement and system noise. These programs have been adapted to our purposes. In
other words, we have added component load equations to the system output. Parameter
identification was successfully achieved on the strength of the component load measure-
ments:

= horizontal tail load
- wing load
- vertical tail load

The following gives an example of the system of initial magnitudes for longitudinal
movement; the measurement equation set contains the horizontal tail load:

state equation

u Xe Xg 0 -9 u 0 Xg20 0 0 Xa 5q
¢ |a ] [zu 1 o | |¢@ Za 0 2 Z3 20 | Z’
at |a | |0 M. M0 q Meg O Mg Mz Mn Mg, gz
9 0 0 1 0 9 6 0 0 0 0 O bs
measurement equation
(ax] [Xe % 0 o] [0 %20 0 0 Xs] [8a 7] [ We] )
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Figure 6, shows the adaptation of flight measurement and calculation.
tunnel parameters always served as initial values for the calculation.
ticularly that of the components, was fairly good.
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The wind
The result, par-

Generally speaking, it can be said that coefficients appliczble to the overall air-
craft can also be determined better by including load measurements.
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F1G.6 COMPARISON OF MEASURED
AND CALCULATED LATA
LONGITUDINAL MOUEMENT

These short time measurements are used to recalculate static dimensioning load cases.
That means evaluations and verifications over the range of Ma, altitude and dynamic
pressure are extrapolated to the static design load cases.

Concerning in flight load meagurements for fatigue at the TRANSALL (C 160 A-04) exten-

tive measurements were taken in military training operations and in service life.

D41).

(C160

Exemples given in this report were selected [Ref. 6] from service life measurements

of ruddexr~, aileron- and elevator deflections.
tude were recorded.

Additional to this also speed and alti-

Different statistical counting methods were applied for evaluation purposes to de-

monstrate the correlations of one parameter to each other.

Also diagrams show the cohe~-

rence of moving surface deflections to the dynamic pressure which gives the information

of loadings.

Exploitations were reduced to 1 hour, unit deflections actual gdeflection

ced to dynamic pressure at VD

Migsion: Low Level Flight

F16.7 STATISTICAL CORRELATION PLOTS

These joint distributions are shown on FIG. 7 bis 11,

max deflection and referen-

Mission Crulse

~10 2

FIG.8 STATISTICAL CORRELATION PLOTS
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Mission: Cruise Misslon: Crulse
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F16.9 STATISTICAL CORRELATION PLOTS FIG.10 STATISTICAL CORRELATION PLOTS 4

Mission : Cruise {

FIG.11 STATISTICAL CORRELATION PLOTS

STATIC TESTS I FATIGUE STRUCTURAL FLIGHT LOAD TESTS

HIL =~ A - 030670 HiL = A~ 0821
FR 25 §26.307 Far 28 §26.301

DEFINITION OF FLIGHTTESTINSTALLATION AND PROCEDURES

MEASURENENT OF LOADINGS OM CONPONENTS, COMTROLS,
UNDERCARRIAGES FOR CERTIFICATION PURPOSES

i DETECTION OF LOAD CASES NOT
COVERED BY SPECIFICATIONS

'
TURNG FLOHT TESTS LoMy TERN tn SERVICE
N THE SPECFED NEASURENENTS
FLOHT ENVELOPE
’,

EVALUATION PROCESS

£.6. CORRELATIONS

POUERSPECTRUN
SYSTEHTDENTIF IXATION
RESVLTS: AERODYNAMIC DERIUVATIVES)
LOADS FROM DEFINED

€.6. STATISTIC COUNTINGS

. FLIGHT HANEWRES
t
' COMPARISON: ¢ CALCULATED LOAR SPECTRA
CALCWATED WITH NERSURED LORD SPECTRA
FLIGHT TESTS
i CERTVIFICATION
STATIC PROCFS cHECX FATIGUE PROOFS
' ¥
! LOAD LEVEL
3 UL [NRUENCE) STRUCTURAL MODIFICATIONS, FLIGHT EMUELAPE

v, ngz . He) LOAD REDUCTION SYSTENS, CONPFORT, FLIGHT PROCEIURES
FLIGHT STIULATORS.
F16.12 FLOW CHART OF STRUCTURAL
FLIGHT LOAD TESTING
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IV. CONCLUSION

Structural flight load Lesting is an important part of the certification of an air-
craft. This report describes calibration of strain gauges and bridge selection and eva-
luation of flight parameters, for fatigue and static test problems.

For aerodynamic parameter identification an optimum input is necessary. Maximum
Likelihood withKalman Filter is a wellknown, efficient method for parameter identifica-
tion. In addition to this fatigue evaluations of moving surface deflections in Service
£lights were shown. Extrapolations from short and long time measurement closes the loop
from flight testing to static and fatigue tests.
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SESSION I -~ OVERVIEWS AND GENERAL PRINCIPLES
SUMMARY RECORD

by
W G Heath
British Aerospace PLC,
Weybridge Division,
woodford, Cheshire, UK.

Four main topics emerged in the discussion. These were identified as:

Confidence in the system
Accuracy and reliability
Economics of load measurement
Value of on-board processing.

1. Confidence in the System

A clear distinction was drawn between the measurement of loads on aircraft and those
on engine components. Engine loads could be more easily related to a datum test, so that
life to first crack could be estimated. Airframe fatigue behaviour could only be based
on a ma’‘or test; the representation of the loads on the specimen was of fundamental
importance. The more closely the loads resembled service experience, the greater the
confidence in the results. It was pointed out, however, that ultimately all fatigue
analysis depended on Miner's Law, and no progress had been made towards a more cumulative
damage assessment. Scatter was still of the order of 5:1, although large samples from a
fleet over long periods of time showed lower levels of scatter.

Confidence also depended on the airborne testing which preceded service flying and
on the number of aircraft in a fleet fitted with operational loads measurement (OLM)
instrumentation. Correlation with the remaining aircraft was necded on a missicn basis.

2. Accuracy and Reliability

Questions were raised regarding the reliability of strain-gauges, which could be in
service for long periods. Users' experience was generally very good, even after long
periods in storage. More trouble was experienced with recording systems.

There were also queries regarding the accuracy of the Dornier reflectivity gauge,
and the difficulties inherent in separating flight loads from the ground-to-air cycle.
This gauge's shortcomings appeared to be offset by its cheapness, and by the absence of
other simple damage-measurement equipment with reasonable reliability.

Spectrum truncation was noted as a further source of inaccuracy. The errors
inherent in calibrating a wing in isolation from its fuselage were also highlighted.

3. Economics of Load Mcasurement

Provided sufficient aircraft in a fleet could be monitored, OLM could show
significant cost savings. It was, of course, necessary to conduct a major fatigue test
(costing say €£1l0M), and the cost of simple instrumentation (counting accelerometers)
across the fleet might add a further £2M. More comprehensive instrumentation on selected
aircraft would increase the cost, but major savings in rework programmes costing between
£30M and £100M could be anticipated due to greater accuracy in life calculations.

4. Value of On-Board Processing

As in (1) above, comparisons were drawn between engine and airframe practice.
Whilst on-board pzocessing was accepted for engine data, there were two reasons why it
was not considered suitable for airframes:

(a) The fatigue test may not be complete, thus preventing the establishment of a
reliable S-N curve. Whilst on-board processing could provide an interim result, the
range mean pairs analysis should be retained for later evaluation.

(b) Since it was not a 'drop-dead' situation, there was no need to present the pilot or
groundcrew with an immediate answer. On-board processing tended to over-simplify the
analysis, and there was always time to complete a more thorough analysis on the ground.
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ADVANCED FATIGUE MONXTORING ON SERVICE AIRCRAFT

by
A Walkden
Structures Depariment
British Aerospace PLC Air-raft Group
Manchester Division

Chester Road, Woodford
Stockport Cheshire SK7 1QR
United Kingdom

SUMMARY,

Advanced fatigue mon' coring is currently possible via on-bosrd digital data acquis-
ition systems and micropr wessors using measurements of strain or aircraft motion or
both. Before embarking on a fleetwide fit of these 'sdvanced fatigue meters', a compre-
hensive understanding of aircraft loading and fatigue performance is required.

This paper describes an exercise on an RAF aircraft where typical service data have
been collected to a) define the loading actions which should be included in a full scale
wing fatigue test; b) enable theoretical fatigue lives for wing, tailplane, £in and
undercarriage to be calculated; ¢) define which parameters might be measured in a
comprehensive fit of advanced fatigue meters so that the life of the main structural
components of each aircraft could be accurztely measured.

1. INTRODUCTION

The fatigue meter has provided, and continues to provide, valuable data from service
aircraft, In conjunction with results from full scale or detail fatigue tests, whose
load spectra are usually derived from fatigue meter returns, it has given us all an
enlightening insight into the problems of realistic fatigue life monitoring. The many
unexpected in-service fatigue failures over the years have, however, demonstrated the
limitations of both the fatigue meter and fatigue testing based c¢i. theoretical load
spectra. The current cost of the vehicle, its relative scarcity and the political and
economic necessity of a long service life require that for the most cost-effective
management of the fleet the fatigue performance of the structure must be more accurately
assessed and the accurulation of fatigue damage in each airframe more accurately moni~
tored. This paper describes how we are approaching the problem on the Nimrod fleet.

The fatigue evaluation of any structure requires two pieces of data: the fatigue
resistance of the structure and the load spectrum encountered. The Nimrod structure is
based on the Ccmet 4 airliner whose fatigue resistance was established some years ago
by a major test with loading presumed typical of that encountered by such aircraft. The
operational environment of the military Nimrod is of course vastly different to that
encountered by the airliner. Wing life as calculated via a fatigue meter formula based
on the early test becomes more marginal as the aircraft develops with increasing AUW
and new roles. This state of affairs, coupled with results from an earlier OLM programme
on a tanker aircraft where the fatigue meter based formula was suvbsequently discovered
to grossly underestimate wing fatigue damage, led to the decision to carry out a new
test on a Nimrod wing., In order to derive representative data for this new test the
Nimrod Operational Flight Load Measurement Programme (NOFLoMP) was developed. The zime
of the NOFLoMP were: 1) to co~ordinate the service vehicle and full scale wing fatigue
test specimen by measuring typical loads on the former and then applying these lcads to
the latter; ii) to provide realistic stress spectra from which the fatigue life of the
fleet could be more accurately calculated and give advanced warning of potential fatigue
problems in all major structural components based on current assessments of the fatigue
resistance of those structures; iii) to help indicate which parameters could be measured
in a fleetwide fit of an advanced fatigue meter which would monitor all major structural
components.
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To achlieve there ajms a standard Nimrod MR Mk 2 aircraft has been extensively
instrumented (Ref 1) and during two years service operation a representative series of
sortie profiles have been flown and recorded data are being analysed. The following
paragraphs detail the instrumentation and describe the methods of analyais.

2. NOFLOMP - MECHANICS OF THi SYSTEM

2.1 Sampling Rates

A total of 96 strain gauge bridges, 17 accelerometers and 34 general and monitoring
parameters were defined aa the total instrumentation requirement. Past exercises had
demonstrated that meacurement of strains in major components of large aircraft for fatigue
analysis was satisfactory using 20Hz low pass filters with FM recording. Using this as
a basis coupled with a decision that 7 samples per cycle would give good definition led
to a maximum sampling rate of 140 per second. This wuas used for all accelerometers
(except those at the aircraft cg) and fin, tailplane and undercarriage strain gauges.
The wing strain gauges and other parzmeters were sampled 70 times per second in conjunc-
tion with 10Hz low pass filters. The sampling rate for general parameters (eg speed,
altitude) is obviously over generous but, since the chusen system capacity was adequate,
maintenance of only two sampling rates led to easier data handling.

2,2 Recording System

Data are recorded on to 25mm 14 track magnetic tape via a Base 10 M series data
acquisition unit with High Bit Rate system which writes to the tape in serial/paralilel
format The tape recorder is an Ampex AR 1700 model which runs at 47.6mm/sec. With the
chosen sampling rates, 47 x 10° pieces of information are recorded per flying hour and
one tape will record about 12 hours flying.

Initially the strain gauger were supplied by a single 12V power pack but it was soon
clear that this was unsatisfactory. To prevent corruption or loss of all data as a result
of one malfunction 8 power packs were fitted, each supplying some 12 strain gauge bridges.

2.3 Strain Gauge Positions and Load Measurement

2.3.1 Wing

Strain gauges have been attachéd at four sections on both port and starboard wings
for the determination of shear, bending and torque as shown in Fig 1. Preliminary tests
on a time-expired Comet at RAE Farnborough enabled sensible positions for these gauges
to be determined, and only minor development on the Nimrod was required. From an exten-
give series of calibration tests, a regression analysis has produced coefficients which
when multiplied by strain gauge outputs will determine shear, bending moment and torque.
The accuracy of predizting the applied test loads via these coefficients is at worst
5% for shear, 3% for bending moment and 4% for torqgue at typical 1lg flight conditions.

Accelerometers are positioned on each wing at the tip, underwing pod fuel tank,
outboard engine rib and aircraft cg to help understand loading actions and enable the
inertia loads due to large concentrated masses to be determined.

Aileron and flap loads are deduced by measurement of the control surface actuating
rod loads (ie hinge moments) and the application of theoretical load distributions.

Main undercarriage side and vertical loads are measured via str2in gauged elements
within the undercarriage, and drxag load via a reaction member within the wing. The effect
on the local wing structure of the undercarriage loads is monitored by measurement of
shear in the undercarriage rib and end load strains in the rear spar.

Strain gauges are attached at known fatigue critical areas and also in suitable
locations to measure general stresses along the wing. These ‘fatigue monitoring' gauges
are used to indicate fatigue-damaying events which are required to be reproduced on the
fatigue test.
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2.3.2 Tailplune

At three sections on the port tailplane and one on the starboard, strain gauges
are attached for prediction of bending moment und torque only. Coefficients produced
¢ £rom a regression analysis of a nunber of tests predict the applied tesc loads with
rather less accuracy than was achieved on the wing. Elevator control rod loads are
monitored to give a measure of hinge moments. Fig 2 shows the tailplane strain gauging.

2.3.3 Fin

Gauges were attached to the front and rear spar booms at the root to measure general
stresses only, the interaction between main and dorsal fin sections precluding a simple
load measuring exercise.

2.3.4 Fuselage/Wing Xnteraction Loads

Links which attach the wing lower spar booms to the fuselage at the bodyside rib
are instrumented and load caiibrated. Since lateral bending of the spar booms results
from the interaction of wing and fuselage loads via these links, a comparison between
such loads on the test specimen and flying aircraft is another aid in ensuring a
representative test.

2.4 vata Valicity Checks
2,4.1 Verification of Electrical Calibration

As part of the instrumentation switch on and off procedure on the aircraft, a known
resistance is applied in parallel with one arm of each strain gauge bridge. On receipt
of the computer taps of flight data, on automatic computer check and princ out showing
strain gauge output with and without the shunt applial together witlh a list of gauges
whose change of output is outside a prescribed tolerance is presented before a decision
to proceed with further analysis is taken.

2.4.2 Alrcraft on Ground

From the flight data a point is chosen with . he aircraft stationary on the ground
before and after £flight, at known weight and fuel distribution, and a check on the
outputs feom all channels is taken, For each wing, undercarriage and fuselage strain
gauge, an equation has been prepared showing output expected with aircraft weight and
fuel distribution. Other channels also have a known state, eg accelerometers at 1lg:
fin and tailplane outputs at near zero. A computer check,lists expected, measured and
error values.

2,4.3 Aircraft in Flight

Test flights have been carried out with the irstrumented aircraft when a series of
1g level flight trim points and controlled symmetric and asymmetric manceuvres were
performed over a range of spseds, altitudes, all up weight and fuel distribution. These
test flights are an important aid to help verify the flight loads predicted via the loads
regression coefficients, and also give datum values for strain gauge outputs in case of
doubt with other data verification methods.

2.4.4 Reference Measursments

Bridge and amplifier voltages, together with outputs from reference strain gauges
mounted on unrestrained plates, are plotted for each full flight and manually inspected
for &rrors.

3. DATA HANDLING

3.1 computer System (Fiq 3)

g s s nE T

The computer system starts with the Pulse Code Modulacion (PCM) tape from the

3 aircraft. This tape contains data from 105 sources sampled 70 times per second and
B 42 sources sampled 140 times per second. The PCM tape will hold about 12 hour's worth
2 of data. The first step in the analysis chain is a validity check on the PCM tape to

ensure that the signal strength on each track is sufficient and that the time base is
correct so that the replay head will lock on. The tape is then processed to create a
set of Computer Compatible Tapes (CCTs). Removing all data from the PCM results in each
CCT containing about 20 minutes of flight data so that a 6 hour flight prcduces 18 or

19 CCTs. This processing is carried out using PDP 11/44 and 11/45 computers.
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This first set of CCTs are theh fed to a dedicated VAX 11/780 computer and undergo
the verification process described in para 2.4.1. The verification indicates if any
data channels are totally unserviceable and whether further processing of the CCTs is
Justified.

-

Assuming that continuation i, signified, the next stage is the two-rate data
compression which produces a second and smaller set of CCTs. At the same time Qata are
checked for various errors and corrected wheve possible.

Single point drop-outs are dealt with automatically during the data compression
stage and are overwritten by the value of the preceeding data.

Interference due to high frequency (HF) radio transmissions has been encountered.
Fitting of suitable capacitors to all amplifier inputs has eradicated the interference
except at frequencies of 16 and 18MHz. Since the time spent HF transmitting is generally
small (a total of 10 minutes in a six hour 1light being typical) a monitor has heen
fitted to indicate when transmissions are taking place. Luring the compression phase of
data handling a mask is introduced at these times so that data are ignored by fatigue
analysis programs during the relevant periods.

Data from this second set of CCTs are plotted using a Versatec V80 electrostatic
line printer and the results inspected for a final visual chaunnel-by-channel vevification.
Any remaining spikes, datum shifts, etc have to be found by inspection of the plotted
data. IXf a particular channel containg many spurious points it would normally be regarded
as unserviceable and not analysed for that f£flight. Isolated spurious data are dealt
with by inputting the relevant time to a masking program which is then incorporated into
a tape copying process to create a replacement CCT from the second set., For secunity a
duplicate set of CCTs is made and stored separately.

3.2 Dpata Compression

The high sampling rates used on this exercise were intended to ensure that no sig-
nificant stress peak or trough was omitted from the recorded data. The volume of data
thus acquired is, however, far too great to process in full, and the cobjective of the
data compression process is to reduce the data to those which are significant from a
fatigue viewpoint.

The concept of data compression is based on a combination of two self-cvident ideas
i) that fatigue damage (and fatigue test loading cycles) occur during times of structural
(or aircraft) activity, and ii) that significant parts of the flight are quiescent, Such
behaviour was cbserved on an earlier exercise on tanker aircraft. Hence arises the idea
of deleting or 'compressing' the non-active parts of the flight, by drastically reducing
the sampling rate during such perinds.

In principle the data compression works as follows (see "'~ 4): on a trace of strain
or acceleration, structural activity is associated with the " ._ . excursions from the
local mean or quiescent level. The computer is programmed to uonitor a nunber of channels
(referred to as 'trigger channels') and to search for large excursions. When one is
found, the fast sampling rate is switched on (or 'triggered') and remains so until the
trigger channel returns to near its local mean.

In practical terms the system is more sophisticated than outlined above, mainly as
the result of experience. The following detailed description covers the current state
of the art which we feel is a viable system.

As previously stated the fast sampling rates are 70 ard 140 samples a second for
low and high rate channels respectively. The corresponding slow sampling rates, for use
when there is no structural activity, are 1 and 2 samples a second. Thus if a flight
were totally quiescent, a compression ratio of 70:1 would be achieved.

The triggering works on a bandwidth concept which in practice has two forms known
as 'fixed' nnd 'floating'. Under the 'fixed’ technique, upper and lower limits are set
and remain constant (ie 'fixed') throughout the flight: when the trace is outside these
limits the fast sampling rate is switched on, being switched off when the trace returns
to within the limits. This type of triggering is suitable for accelerometers which
have a constant datum irrespective of the f£light conditions. Ideally, fin strain gauges

would also fall into this category.

The ‘'floating' trigger (see Fig 5) uses a constant bandwith, but the mean or datum
of the bandwidth is variable in that it moves (or ‘floats') towards the running average
of the trace., Again the fast sampling rate is uscd when the trace lies outside the
bandwidth., The floating is achieved by what amounts to a high pass filter, which
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removes the long period drift and reduces the trigger to the fixed type. This floating
] type of trigger is suitable for all gauges in which there is a low frequency change in
i the datum and includes most (if not all) wing and tailplane strain gauges. In practice
¢ the fin was also treated as a floating trigger.
The choice of trigger channels, bandwidths and time constants in the floating
trigger filter are at the discretion of the user. We are currently using the following
techniques:

Normal and lateral accelerometers at the centre of gravity - Fixed

Brake rods - port and starboard - Fixed

Fin root bending bridge - Floating

Tailplane root bending bridge - Floating

Top wing surface gauge - Floating

Bottom wing surface gauge - Floating (this iz the 'critical section' for fatigue)

One final point to note before considering the results so far, is that the sampling
r.L2 is not switched at tne moment of triggering. It was decided at a very early stage
to sample at the fast rate from 1 second before an 'on' trigger and until 2 seconds after
an 'off' trigger. The effects of altering these times have not been investigated.

When using data reduction or compression it is possible that some valuable data
will be lost.. Hence the percentage loss of fatigue damage was used to measure the
validity of the compressed data. The results to date are presented in Fig 6; these are
based on our initial work in which we aimed for a zero loss of measured damage. It is
evident from the number of CCTs remaining after compression that there are far too many
to allow easy analysis, and that the quiescent periods of flight are somewhate less than
may have been imagined. Increasing the trigger levels so that damage losses were of the
order of 5% suggested that a more reasonable nunber of 4 CCTs per flight may well result.

The problem was then approached in a different way by deciding to dump data from
the PCM tape at a fraction of the recorded rate and assess damage losses relative to the
originul data. One flight was selected and for the data recorded at 70 samples per second
a damage calculation was separately carried out using every second, third, fourth and
fifth point. The data recorded at 140 ssmples per second were separastely analysed
using every second, fourth and gixth point. Damage losses due to these reduced sampling
rates are shown in Fig 7. From the values obtsined it is apparent that dumping data
from PCM to CCT at % of the recorded rate lesds to losses which are not greater than
5%, except for wing gauges (which are significantly affected by undercaxriage loads, and
then probably only spin-up drag loads at touchdown).

The decision to create CCTs at % the recording rate has, of course, a» prime spin-
off in that there are now fewer tapes in the first set of CCTs before the data compress-
inn process. The original trigger levels were reinstated fcr the latter process, and
two flights were examined in detail for damasge calculated at both full recorded rate and
% recorded rate, both uncompressed and compressed. Fig 8 tabulates the results which
again show that damage losses are generally less than 5% relative to the haseline data.

“. DATA PROCESSING
4.1 |[Hardware

Using 147 channels, and ssmpling rates of 70/140 per second, puts the size of the
data processing operation at approximetely ten times that of the earlier tanker exercise.

The VAX 11/780 appesred » ressonable choice of processor, although from an early
stage it was reslised t* “ some “urm of data reduction was needed to meke the task more
practical.

Cur Flight Tesi Cepsrtment had considerable experience snd knowledge of existing
specialist facilities using PCM tapes; hence, it seemed logicsl to employ this as ¢
replay facility converting the Base 10 PCM tspe into CCT for subsequent processinc on
the VAX computer.

The initisl configuration was (see Fig 9):

2) Shared resource of 2 - PDP 11/45 and 1 - PDP 11/44 for conversion of PCM > CCT.

b) Dedicated VAX 11/780
4-TE16 tspe drives (phase encoded 63 bits per nm)
1-RPO6 176 MByte Disc
1-V80 Plotter H
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Subsequently the loan of 8 fifth tape drive has enhanced reliability.

4.2 Software

Software for the conversion of the PCM tape to CCTs is written in PDP 11 macro and
is, at present, a straightforward reading/writing process.

Software for the VAX may be thought of as validation and analysis of the data,
running under an overall operating environment, which also provides a detailed recording
facility to ensure that the appropriate data for a given process is accessed (Fig 10).

The software was developed by a team of five people from both the Structure Depart-
ment and Computer Services, the former developing the analysis programs and the latter
providing operating procedures, plotting routines and tape handling facilities,

Development has been smooth, the VAX playing a vital role in meeting timescales
which would have been thought impossible five years ago.

4.3 Overating Environment

The operating environment has been created uesing Digital Command Language (DCL),
the VAX command language.

Utilities have been written in DCL, but, where real numbers required handling, DCL
has been supplemented by COIN, the Company-written COmmand INterpreter.

Whilst the VAX 11/780 may be of ‘'mainframe' category in processor speed, lts
facility to identify, record and catalogue magnetic tapes is limited.

With processes which could involve up to 6000 CCTs (at present we have 2800) it has
been necessary to introduce library-type facilities to make tape handling more feasible.

An ‘'Operators Guide' describes the overall operation of the syatem and a compre-
hensive HELP facility, which supplements the documentation makes operation simple and

greatly aids training.

4.4 BApalysis

The data which an anlysis process receives should be free of single point drop outs
and be marked for any HF noise; in general it is assumed to be 'technically valid data'.

The fatigue analysis methodology will be described in detail later. From a computa-
tiocnal point of view the algorithm provided by Susan D Ellis of RAE Farnborough (Raf 2)
was expanded to cater for multi-channel processing.

The Loading Analysis program evaluates shear force (SF), bending ioment (BM) and
torque (T) at the four stipula’ed stations on the wing. This is a straightforward
multiplication process and, working on sixteen channels per wing, presents little problem,
The results produced are stored on magnetic tape and may be plotted, as required, using
a standard program. (A much modified version of this program will be used to evaluate

the loads for the fatigue test rig).

Although the loading program calculation is basically a multiplication process, the
gauge coefficients are required and in order to arrive at these several items of software
are necessary.

Firstly, a geometric model of the wing was created to enable the definitive BM,

SF and T to be evaluated.

Secondly, the base of test results was obtained from selected load calibration tests.
Lastly, the above two variables were combined, and then RAPIER (Ref 3) was employed
to evaluate the gauge coefficients for the load program,

RAPIER was obtained, in 1900 Series Fortran, from RAE Farnborough and initially
proved on an ICL 1906A Computer. The code was later converted to VAX 11/780, and this

vergion is now in use.

4.5 System Performance

Major processes that have heen carried out to date are COMPRESS, PLOT, DUPLICATE,
FATIGUE AND MASK. An example of the processing time for a typical long sortie is given
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in Fig 11. The average sortie can be processed in about 75% of the time given in the
example, Fig 11 also shows the VaX 11/780 mill utilisation for each of the major
processes and demonstrates that two of them have to have sole use of the system or
result in an increase in processing time,

The processing times required per CCT for the major processes are COMPRESS 20
minutes, PLOT 2 hours, DUPLICATE 20 minutes, FATIGUE 25 minutes and MASK 20 minutes,
The PLOT process in fact takes 10 minutes per pmss of a CCT. Plotting all parameters
results in 12 passes and hence 2 hours per CCT.

5. CALCULATION OF FATIGUE DAMAGE (see Fig 12)

The calculation of fatigue damage, as stated earlier, starts from the compressed or
second set of CCTs, and therefore assumes that they contain a true time history of the
significant measured strains of each channel., This currently means that data that have
been masked due to HF noise and 'spikes' are ignored,

The proyram is capable of analysing up to 40 channels, which makes it more than
adequate to deal with the fatigue monitoring gauges and such other gauges as requira
analysis from time to time.

The initial control parameters define which channels are to be analysed, the times
at which the damage ‘to date' is to be output (kncwn as 'phasing') and the start and
stop times for the analysis. These last two control parameters were introduced as a

convenient way of avoiding the shunts (pre take-off and post landing) being included in
the analysis.

The program then extracts the turning points of each channel and the times at
which they occur. These data are in turn fed to a routine which by means of the
Rainflow technique extracts the fatigue cycles in terms of a range 2nd a mean. The
gsoftware to achieve this is a virtual copy of the RAE routine described in Ref 2. The
turning points that do not form full fatigue cycles are stored until the end of the
flight (or phase) when they are dealt with using the re-ordered stack method which ensures
full ground-to~-air fatigue cycles. Track is kept of the time by passing them through the
Rainflow routine in parallel with their associated turning points. The only contrel

data raquired are a range fcr each channel below which a cycle is ignored. Currently
6 .9MPa i: being used.

The ability to generate a 2-1 counted array of the fatigue cycles exists but is not
used at present. The ranges and means still have a digitised form and are converted into
stresses by a linear equation ( o = m*DRO + ¢). The coefficient m and the constant c
are derived from measurements and calculations, and are held in the computer on a file
which is accessed directly by the damage program. The file of coefficients is updated
as required. The calibration data is chosen aut- satically on the basis of channel
number, f£light number and date by the program,

Having obtained the fatigue loading in terms of stress, the calculation of damage
is straightforward, using Miner's Cummulative Damage Law with a Gsrber-Goodman mean
stress correction., The control data enablws a choice of 5-N curve to be made. It also
supplies the mean stress correction coefficients and two factors on stress: an R value
applied to the alternating stress only, and a K value that is applied to both alternating
and mean stresses. Usually Heywood's light alloy joint endurance curve is used, i.u.
where applicable data from the Comet full scale test are read across.

The full program takes about 25 minutes per tape to run, and the output, which gives
details of all the fatigue damaging cycles, is of manageable proportions. Plots of damage
against flight time are produced. Currently the damage is plotted cycle by cycle so
that the time of peak or trough (or earliest or latest timz) of the paired turning points
are plotted. Some typical samples are shown in Figs 13 to 15.

The program has been used to establish the triggering levels (outlined in para
3.2) so that the percentage loss of damage due to compression is accepcable. The losses
generally involve the missing of peaks of the higher frequency loads, thus truncating
fatigue-damaging cycles.

The program defines and files the times at which fatigue-damaging events occur so
that the loads producing these events can be derived for application to the fatigue test
specimen. The latter will be strain-gauged in a similar manner to the flying aircraft,
and data from sample test flights will be analysed via the same program to give a final
cross-check between the service and test vehicles. It is envisaged that the damage
program will be used to establish the damage per flight or phase against which the Nimrod
MR Mk 2 fatigue meter formula will be checked and modified if necessary.
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6. CONCLUSIONS }

hn extensive instrunentation package such as that fitted for the NOFPLoMP is ——
obviously expensive to install and maintazin, and even with the use cf a dedicated
powerful computer, time consuming in the analysis of data. In the final analysis a
much reduced number of strain gauges and/or basic motion parameters will be identified
as key items by which the accruing fatigue damage of each major component of a Nimrod
MR Mk 2 airframe could be monitored. It is likely that this will result in a require- :
ment for a new airborne fatigue monitoring device rather than the revised fatigue meter
formula approach used as a result of the earlier tanker exercise.

The analysis techniques currently applied rely on Miner's Damage Law, and this is
probably the weakest link in the chain. However the more representative the fatique
test loading can be, the less the error introduced by this step in the analysis. The
integration of a load measuring exercise on a service aircraft and the full scale
fatigue test would appear to be essential. BApplying the measured sequence of service
loads to the test specimen and, as backup, monitoring the test stress spectra at the
fatigue critical locations instrumented on the flight vehicle should remove doubts as ,
to the authenticity of the test result. ,

The results of the earlier Comet test are being used to provide provisional inform- ;
ation on the fatigue resistance of the structure. An initial estimate of fatigue life
consumption can thus be made from the loads measurement exercise and give advanced
warning of potential trouble spots and timescales. The new fatigue test using a more
repraesentative structure and loading actions will then provide a revised estimate of
the fatigue resistance, allowing an adjustment to be made to fatigue damage estimates.

A smaller exercise is to be carried out on a Nimrod AEW Mk 3 aircraft. FPatigue
monitoring strain gauges are fitted at positions highlighted as significant by the
earlier exercise on the MR Mk 2 aircraft, and damage will be calculated based on the
result of the Mk 2 wing fatigue test. A requirement for a fin fatigue test has been
identifled for the MR aircraft, and again a rcad-across to the similar type of structure
on the AEW aircraft is anticipated.

For the future the MR NOFLOMP aircraft will continue to supply data via its existing
system until perhaps 1986. It is then intended to f£it a SUMS type recorder utilising
a small number of strain gauges to monitor any changed usage of the aircraft, Fleetwide
fitment of an advanced fatigue meter (eg SUMS) will be assessed as more data becomes
available from both fatigue tests and NOFLoMP.
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! EXPERIENCES GBTAINED FROM
H SERVICE FATIGUE MONITORING EXERCISES

. A P WARD
Peputy Chlef Stressman
M British Aerospace PIC
Warton Division
Preston PR4 1AX
England

SUMMARY

The paper reviewss data obtained from empennage service loading studies performed on Jsguar and Jet
Provost aircraft. The measured usage data are compered with earlier data and analysis methods are
discussed.

H 1. INTRODUCTION

In the past service fatigue monitoring has been accomplished following procedures which were centred
sround the use of fatigue meter (counting accelerometer) data obtained on individual aircraft on a flight-
by-flight basis, supported by additional data from the Fatigue Record Sheets for individual aircraft and
individual flights, and the 3tatement of Operating Intrat. The u.e of these data has previously been
discussed (ref 1) and the limitations of such proceuu-:¢« are well known.

The paper describes two servize monitoring exercises that were designed to obtain information applic-
sble to empennage fatigue loading. The studies were performed on the Jaguar Strike A/C and the Jet Provost
trainer aircraft. After general descriptions of the two programmes specific items relating to instrumenta-
tion, calibration, data analysis and results will be dealt with. A discussion of fthe points raised by both
studfes {s then followed by the conclusions.

The paper is intended to highlight the main aspects of the work that might be of general intereut
’ rather than to provide a fully detailed description.

2. JAGUAR

The Jaguar is an Anglo-French single-seat, strike aircraft of conventional construction (Fig. 1). (A
number of two-seat trainers were also built). Fin loading spectra were estimated from predicted sortie
profiles and usage using atmospheric turbulence dats and additional factors to account for pilot {nduced
manoeuvres and aircraft damping characteristics (ref. 1).

At the end of the sirframe fatigue test cracks were found in the main fin to fuselage attachment frame
and, st that time, significant amounts of low level flying were predicted along with an extended fatigue
life requirement. Modifications to the frame were put in hand to improve its fatigue performance in rela-
tion to these revised requirements and it was decided to embark cn & "limited" service fatigue monitoring
exercise to examine fin loading.

The exercise to be performed was to be accomplished at a limited cost which dictated the approach to
be followed. After an {nitial study to examine the use of strain history measuring devices (Leigh MSR and
BAe (Australia) AFDAS), or the posaibllity of using flight parameter data (ref. 2) it was decidad to
undertake a limited flight lcad measurement exarcise.

The two strain history approaches were discarded becouse of the then unproven nature of these devices,
which, in any case, both required a degree of load calibration on th: aircraft. The parametric approach
referred to in more detail in ref. 2 was discounted because of the less sophicticated mathematical response
model available for the Jaguar compared with that for the Tornado.

As a number of aircraft had a Plessey EUMS Mk II aigital recorder installed for engine usage monitoring
purposes it was decided to base the study on the use of th.s device. Two GR Mk 1 single-seat aircraft were
allocated to the programme and a fatigue monitoring study was devised which was based on a limited load
calibration of the fin and taileron. The various aspects of this programme, illustrated on Fig. 2, are
described below:

2.1 Instrumentation

The flight standard recorders used for the analysis had 5 channels allocated to structural monitoring
data collection at a total sample rate of 128 s.p.s.

These five channels were allocated as follows:
. three strain gauge bridge signals at 32 sps each
. true air-speed at 2 sps

. altitude at 2 sps

4
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i
s The most {mportant area of :he structure was sctessad to be the atcachment of the centre spar of the
; fin to the fuselage frame (the tailerons are also mounted on this frame) Fig. 3. As a result of a study
) of the fatigue test resultas and an assessment of the structural analysis data it was decided to assign
the three strain gauge channels to measurement of fin shear and torque and fuselage Frause end loads at
the fin centre spar pick up position. On the first aifrcraft & 10 Hz f{lter was Incorporated in the
recording system whereas a 40 Hz filter was incorporated ot. the second aircraft following further assess-

ment of the frequencies involved.

’ The flight measured data were recorded on to cassettes which had a capacity of between one and three

} ‘ flights of data.
; 2.2 Load Calibration

4 The critical load paths were considered to be the centre spar, rear spar and frame boom. 7Two shear

bridges were installed on each of the two spar webs close to the fuselage attachments i1 order to measure

fin loads. The frame boom was strain gauged with eight longitudinal and four transverse gauges which were
to be used to give a four-arm end load bridge on either side of the afrcraft centre-line Fig. 4.

the best combination of spar shear bridges, (one on each spar), was chosen
to yield shear force and torque. Similarly the choice of frare boom strain gauges was based on a pre-
liminary set of fin and taileron load cases from which two fully wired 4-arm bridges were defined. These
two dridges were then calibrated against fin shear and torque and the effect of taileron load was studied,
As a result of this one of the two bridges was finally selected for use in service monitoring.

During the load calibration

During load calibration the desired loads were applied in 20% increments and decrements with strain
gauge responses being recorded at each stage. Prior to the measurements several exercising load cycles

were applied.
The calibration analysis consisted of six phases (Table 1) and the load cases were as summarised in
Table 2.

Calibration equaiions were establishec using ragression techniques. Maximum reprediction errors of
1.15% and 2.25% of limit load for fin shear and torque respectively were achieved. Frame end load errors
in terms of fin shear and torque were less than 0.5% of limit load. However the introduction of taileron
loads degraded the accuracy somewhat, the error on fin shear reprediction increasing to 1.8% of limit load

and for fin torque to 4.3%. These results are summarised on Table 3.

2.3 Electricsl Calibration

¢ The load calibration ylelded relation<hips between load and strain gauge bridge output in millivolts.
An electrical calibration was also necessary to establish the relationship between EUMS recorder output in
volts and the strain gauge output in millivolts. This calibration was repeated at intervals during the
flight measurement exercise in order to maintain the accuracy of the system.

' 2.4 Data Reduction

Following load callibration the aircraft were returned to service to fly unrestricted to typlcal RAF
sorties. Once per week cassettes were despatched by the RAF for analysis. Eacl cassette was accompanied
by paperwork that identified details of the flight for which data had been rucorded.

Initially the cassettes were despatched to the firm responsible for the engine usage monitoring
exercise for conversion to computer compatible tape (CCTs). The CCTs were then processed at Warton to
yleld hard copy traces of strain gauge volts for examination prior to subsequent computer analysis.
During the first few m nths of the study a large proportion of the data was found to be corrupt. The
following features, wh'ch made straight forward analysis impossitle, were evident.

A e .

random signals of ,s.osite sign for the two fin shear bridges oscillating at high frequency

- considerable “drop-outt

o iy

- considerable "datum-shift"

E - sudden datum shift

- spikes (either electrical in origin or data drop out)

- interference at 400 Hz

Fig. 5 gives examples of these problems. Various steps were taken which eventually overcame these
problems to a large extent. The aircraft instrumentation systems were checked and the power units found
to be faulty. Bridge integrity and channel identities were checked.

. The analysis of the cassettes to produce CCTs was transferred to BAe making use of a Plessey replay
! unit and PDP11-55 computer prior to processing in the 1BM, New Data Acquisition Units which included
modificatfons to enhance data recovery, were fitted to the aircraft.

é The time history plots of the three strain gauge signals were examined for each flight prior to
subsequent processing and counts of parity errors were produced. It was initially decided that an

é acceptable standard would be set at a parity error count of 1 in 100 on the aseumption that data quality
would improve. Subsequently the standard was raised to 1 in 300 to ensure th - relatively low magnitude

1 spurious signals not filtered out during enalysis had a negligible effect on the fatigue damage. This
also had a singificant effect in reducing the time and cost associated with analysing poor quality data.
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The analysis of each acceptable CCT included tests on each data point for parity error, range limit and

rate of change limit. Dats failing these tests were rejected and printed out in the final output for
further examination.

2.5 Analysis

Usable data obtained from the CCTs was first of all synchronised so that, by linear interpolation,
signals for the centre and rear spars and the trame boom were assoclated with the same instant in time.
These signals wece then convertea into loads and fatigue stresses using the calibration algorithms in
association with stress/load relationships derived from the fatigue test result and the structural
analysis. Stress and load time histories werc produced and a rainflow analysis performed to yield stress
spectra. Fatigue damage was calculated on a sortie basis and information produced to aid fleet management.

2.6 Results

The final results were based on data from 298 cassettes from which 135 flights were found to be usable. '
The primary fatigue loading action was that due to atmospheric turbulence at low level. Data were analysed
on a month-by-month basis and a secasonal effect appeared to be present, with the highest damage rates
occurring in the winter months., (Fig. 6). The fin fatigue load spectrum (Table 4) was found to have a
slight blas giving more ioading to port rather than starboard. Subsequent investigations identified this
as a real effect due to slight trim characteristics of the aircraft concerned.

3. JET PROVOST

3.1 Background

The Jet Provost is a single engined two seat trainer aircraft which derived from the earlier Piston
Provost and which was subsequently developed as the Strikemaster for use by overseas airforces (Fig. 7).

Fatigue monitoring for this aircraft was accomplished by using the fatigue meter, flying log and
mission profile data. A limited amount of flight load investigations were performed many years ago. The
wing, which {s single spar, was strain gauged and calibrated to assess bending moment versus 'g' (normal
acceleration) relationships. This was an exercise performed during development ‘lying and the results
were used, n conjunction with the fatigue meter, to assass wing fatigue life.

The empennage loading was meatured for 1ifferent phases of flying in 1958 (3). This study indicated
that the most severe phase of flying was that associated with spinning. As a result the primary parameter
used for fin and tailplane damage monitoring was ''number of spins". Fig. 8 extracted from ref. 3
indicate: the relative severity of different phases of flying.

This method of monitoring continued for many years with occasional theoretical checks being made
against the operator's updated cstimates of mission profiles to ensure that "number of spins'' was still
the most appropriate parameter and that atmospheric turbulence at low altitude was not as important.
Unfortunately it turned out that the mcthod used did not afford sufficient protection to the aircraft as
a telephone message was received on Friday April 18th 1980 to say that a Jet Provost had made an
emergency landing after the pilot had felt a "mild thump" during low level flying and had looked in his
mirror to see 'the top of the fin moving laterally 12 to 18 inches" (300 to 460 mm).

On investigation the main spar booms and web of the fin (Fig. 9) were found to have failed, the fin
being retained on the aircraft by the thin (0.6mm) skin attachment to the root fittings and a 0.5mm shroud.
(Fig. 10). This incident led to a number of activities being necessary, one of which was a flight measure-
ment exercise to examine empennage fatfigue. This particular study is reported herein.

3.2 Formulation of Requirement

The afrcraft on which the fin spar failure occurred was operated primarily in a low level navigational
role whereas many other atrcraft operated in mixed training roles. It was decided that two aircraft should
be used for the study to investigate both types of flying.

The measurements to be made were concerned with in-flight fatigue loading of the fin and tailiplane.
A limited number of associated flight parameters, which were considered to provide useful data connected
with sortie profile definition, were also recorded. It was thought that these latter measurements might
aid future fatigue monitoring of the fleet. The loads and parameters, with their associated sampling
rates, are shown on Table 5.

Alrcraft altitude and speed ware recorded in order to provide a comparison with similar information
given in the operator's Statement of Intent. Normal acceleration was measured to provide a check against
fatigue meter data and to compare with the wing spar boom strain gauge data. Such information was to be
used for longer term assessments of the validity of fatigue meter data and analysis techniques. The
lateral accelerometer measurements were included in order to assess waether, in the long term, a lateral
acceleration counter similar to the fatigue meter might be used for fin fatigue monitoring on a fleet~
wide basis.

3.3 Instrumentation

The instrumentatlon used was similar to that used in the Jaguar exercise with improvements wherever i
possible.

o sk

The data racording was accomplished using the Plessey EUMS Mk II recorder which, for this study, was
capable of recording 256 samples per second on cassettes having a running time of 2% hours.
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Four-arm strain gauge bridges were used to measure fin and tailplane loading, and to obtain optimum
responses, the various bridgas were duplicated. The most appropriate bridges were then chosen as a result
of the calibration exercise.

wommn e m———————
B

. The four transducers used to measure altitude, airspeed and normal and lateral accelerations covered
1 H B the following ranges:

R st

Altitude (-1000 ft to 70000 ft), Afrspeed (0 to 500 kt). Normal Acceleration (-5g to +12g) and
Lateral Acceleratfon (+1g). .

In addition to the above strain gauge amplifiers and data acquisition units were included in the
system (Fig. 11). Following completion of the installation verification checks were performed by botn
Plessey and BAe engineers.

P

4 ‘ 3.4 Ground Calibration

The ground calibration on each aircraft consisted of two phases, these being the structural loads
calibration and the system electrical calibration.

H
The load calibration was achieved by applying loads in both directions to both fin and tailplane 1 {
using a range of loading points representative of anticipated flight conditions. A full Skopinsky
calibration (Ref. 4) was not performed.

For each loading case the strain gauye bridge responses, including duplicates, were recorded on
. ground monitoring equipment. From these data the choice of the optimum bridges was rade and these were
i then wired into the aircraft system. The system was theu calibrated electrically to yield the relation-
ships between 7.corded signals and strain gauge bridge outputs.

L TRye—

In order to check that the system was functioning correctly a further loading was applied to fin and
tailplane with the results being recorded on the aircraft system.

Regression techniques were used to establish the relationahips between applied luads and strain gauge
bridge responses.

pe—

e 3.5 "Shake-down" Flying

H Prior to delivery of the aircraft back to the RAF a shake~-down flight was performed to check that the
: system was functioning correctls.

. 3.6 Operational Checks

On delivery of the aircraft to the RAF BAe personnel visited the two stations to brief RAF personnel ‘
' on monitoring procedures and tystem servicing. At intervals during the exercise BAe specialists performed
‘ on-site checks on the system sensitivities and datums.

1 3.7 Analysis

Fig. 12 illustrates the analysis procedure followed. The original intention was to obtain data on
each aircraft for 6 months of flying. It very soon became apparent, because of the large number of lcad
cycles occurring during low level flying, that analysis time and cost were considerable when compared to <
the original estimates. Steps were taken to reduce these by:

e

1) selecting the number of flights to be analysed
(11) selecting the parts of the flights to be analysed

In the first case this was achieved simply by making a judgement of an adequate sample size in each
sortie code based on fluctuations of damage rate with increasing sample asize.

In order to determine the parts of a flight to be analysed Versatec plots (hard copy) of the data on
each cassette were produced from the CCT prior to further analysic. The inactive regions on the tape were
identified and the remaining pa.is of the tape were then specified for subsequent analysis.

r——

The data to be analysed were then examined by a checking program which searched for parity errors,
and exceedances of rate of change and range limits (as in the Jaguar study). This program output data . j
sets containing the time intervals of omitted data (rejected during the checks) for subsequent use in the
analysis program.

AR R v, e

e
5

The analysis produced a load spectrum matrix (60 x 30) of mean and alternating loads for each of the
4 load~time histories selected for analysis (Table 6). These matrices were updated after each analysis, for
{ each sortie code, and damage determined.

At et & A

The damage per sortie code was determined

) (1) by assuming damage rates for thc omitted time fntervals were the same as those for the
: analysed time intervals and

(1t) by assuming that no damage occurred during those periods identified as fnactive from an
examination of the Versatec plots.
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Table 7 summarises information concerned with the time intervals. It can be seen that, in general,
the quality of data was very good. The ratio of Actual Analysis Time/Specified Analysis Time was aeen to
vary between 0.86 and 0.97 for the aircraft involved mainly in low lavel flying, and between 0.96 and 1
for the other aircraft. The Specified Analysis time varied between 44% and 57% of the recorded Flight
Time. It should be noted that this latter parameter was not measured in the flight load monitoring
programme. It was the time recorded on the fatigue meter records after each flight by either the pilot.
or ground crew and is recorded to the nearest 5 minutes, However, as this time is the figure used by the
RAF for fleet monitoring all damage was related to it.

3.8 Results

The most damaging loading action was found to be that due to flight through turbulence at low level.
Not only was the turbulence a problem but additional loading due to a 0.5 Hz dutch-rcll response was also
very evident. This was also identified in the 1959 study (Ref. 3). The severity of the loading was
significantly more severe than praviously identified. This was attributed to a number of factors.

(1) time at low level was much greater

{11) cruise speeds at low level were between 1.5 and 2 times greater than in ref. 3 (updated
engines in later Marks of aircraft)

(11i)  the "low~level” flying was at a lower altitude than in ref. 3.

The time and speed at low level were compared with the figures quoted in the most recent Statement of
Operating Intent. In Yoth cases the measured data were greater than assumed,

A limited assessment of the use of lateral 'g' as a monitor of fin loading was made. A correlation
coefficient of 0.981 was obtained for the low level (most damaging) flying and this became 0.970 for
variable altitude flying. Poor correlation was achieved in spins, however this may have been due to tae
fateral 'g' sampling rate of 8 sps being inadequate to identify the higher frequency fin loads occurring
in a spin.

4. DISCUSSION

Both the Jaguar and the Jet Provost studies were successful in terms of providing useful fatigue data.
In both cases fin loading spectra were determined which were more damaging than the then current estimates.
1he analysis of time histories by the "rainflow" technique in order to generate mean and alternating load
matrices identified cycles about both positive and negative mean loads as well as those about zero mean.
Direct comparison between the two aircraft is therefore difficulc to illustrate. 1If it is assumed that
mean load is of second order importance then exceedance spectra of alternating load can be produced. These
are shown on Fig. 13 plotted as percentage of ultimate load. The typical spectrum shown in Ref. 1 and the
overall spectrum for the Jet Provost from ref. 3 are also shown for comparison. The Jet Provost spectrum
is seen to be particularly severe on this basis.

The Jaguar studies commenced by making use of recording facilities and analysis processes already in
existance for other purposes. This approach was not successful and modifications to the programme were
necessary. Subsequently considerable useful experience was gained and the Jet Provost studies benefited
accordingly.

The use of hard copy quick look plots of time histories (Versatec plots) prior to cor ter analysis
was found to be essential in order to eliminate useless data and to reduce the amount of computer time by
identifying active analysis time slices. Current studies are aimed at automating this process.

A high degree of data recovery was found to be possible in the Jet Provost programme (between 96% and
100% on one afrcraft).

5. CONCLUSIONS

Two recen: empennage fatigue load monitoring exercises have been described. In each case digital
recording techniques were used and rainflow analysis techniques were employed to determine fatigue loading
matrices. Problems were encountered in analysing the recorded data and these have been enumerated, The
more recent assessment of the Jet Provost provided a high rate of data recovery and benefited from
experiences gained from the Jaguar exercise. The conventional method of assessing fin load spectra was
found not to provide an adequate safeguard for the later Marks of Jet Provost where significant changes in
operating patterns and speeds could not be taken into account adequately by theoretical methods.
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i . TABLE 1
i N
{ i JAGUAR - PHASES OF CALIBRATION ANALYSIS
§ M
i f 1. Determine suitable gauge combinations for 2 frame end load bridges.
; 3 2. Select optimum pair of shear bridges, one on each spar, and produce shear force and torque equations.
i i
: ‘4 3. Determine response equations for the 2 frame end load bridges and sclect the most appropriate.
]
! ’_" 4. Check the accuracy of super positiors for the frame end load bridge for fin and taileron loading.
J ' 5 5. Check reprediction accuracy for fin shear and torque in the presence of taileron loads.
. 6. Check the frame end load bridge response to taileron loads.
h !
]
4 .
. TABLE 2
* ) JAGUAR - CALIBRATION CASES
: FIN TAILERON
PORT STARBOARD
CASE 4 S up DOWN up DOWN
1 v
2 v
: 3 v
i 4 v
t
{ 5 v
6 v
7 v )
)
) 8 v )
)
. 9 v )
. )
: 10 v )
v )
. 11 v )
: ) Fin c.p. checks
: 12 v )
)
L 13 v )
§ ?
B 14 v )
& )
E 15 v )
s )
g 16 v )
1
E 17 v v
4 z
& 18 7
i?
€, 19 v v v
..’J.
e 20 ¥ v
-
&
‘é 21 v v v
é}f 22 v v v
% 3 |/ v
b 2 v v v
&
The table shows loads applied to Port (P), Starboard (S) Up, or Down on the fin and Port & Starboard
Tailerons.
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JAGUAR - CALIBRATION EQUATIONS - REPREDICTION ERRORS

LOADING NO TAILERON TAILERON
ACTION EFFECT EFFECT
Fin shear 1.15% 1.8%
Fin torque 2.25% 4.3%

.

8-8 '

TABLE 3 ;
1
i
i
i
!
!
!
&

Maximun reprediction errors as percent limit load

TABLE &

JAGUAR ~ FIN LOAD SPECTRUM

The table shows counts per hour for different combinations of mean and alternating loads expressed as
percentages of ultimate design load.

Alternating loads as % ultimate
2.6 €.5 10.4 14.3 18.2 22.1 26.0 29.9 33.9
-39.0 | 0.014 - - - - - - - -
-32.5 - - - - - - - - -
!g 8§ -26.0 | 0.027 - - - - - - - -
o § -19.5 | 0.933 - - - - - - - -
3| -13.0 | 13.3 0.068 - - - - - - -
': -6.5 | 1877 18.8 1.68 0.304 | 0.061 | 0,014 | 0.0068 - 0.0068
: 0 | 29740 162.3 | 13.3 1.602 { 0.250 | 0.041 - - -
kS 6.5 | 446 0.7/8 | 0.250 | 0.047 - - - - -
g '3 13,0 | 30.1 0.020 - - - - - - -
* 3 ;:; 19.5 | 0.101 - - - - - - - -
E 26.0 | 0.0068 - - - - - - - -
“ 32.5 - - - - - - - - -
39.0 - - - - - - - - -
TABLE 5
JET PROVOST ~ MEASURED PARAMETERS
CHANNEL PARAMETER SAMPLES
PER SECOND
§ 1 Fin root shear at forward pick-up 28
; 2 Fin root shear at raar spar 28
i 3 Fin root bending moment at rear spar 28
; 4 Tailplane front spar bending, port 28
2 5 Tailplane front spar bending, starboard 28
: 6 Tailplane rear spar bending, port 28
7 Tailplane rear spar bending, starboard 28 |
8 Wing main spar lower boom strain 28
9 Aircraft altitude 4
; 10 Adrcraft speed 2
11 Normal acceleration at aircraft cg. 8
f 12 Lateral acceleration at base of fin 8
13 Undercarriage selection 2 s
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: TABLE 6 3
H JET PROVOST - ANALYSED LOAD-TIME HISTORIES
« Fin side load
A
P . Fin root bending moment ’
. Fin forward attachment shear t
. Port tailplane root bending moment
. Starboard tailplane root bending moment H
. Port tailplane attachment loads l
. Starboard tailplane attachment loads i
)
)
!
TABLE 7 :
JET PROVOST - SUMMARY OF ANALYSED DATA |
LOW LEVEL NAVIGATIONAL ROLE MIXED TRAINING ROLE I
SORTIE
CODE FLIGHTS ACTUAL SPECIFIED FLIGHTS ACTUAL SPECIFIED !
NO { TIME | SPECIFIED | FLIGAT TIME | NO | TIME | SPECIFIED | FLIGHT TIME
‘ Ll
1 - - - - 10 27 0.96 0.72 {
2 19 65 0.95 0.86 8 54 1.00 0.78 '
3 - - - - 3| s8 0.98 0.75 !
4 16 58 0.97 0.71 7 54 0.98 0.74
5 - - - - 11 66 0.99 0.59
6 9 61 0.86 0.64 17 62 0.98 0.69
7 - - - - 5 63 0.99 0.69
8 - - - - 41 51 1.00 0.64 !
1 1
. 9 - - - - 1 20 0.96 1.58 ’
i
Time : Minutes .
Actual : Actual time analysed in each flight ‘

Specified : Specified time to be analysed in each flight
Flight Time : Flight duration recorded on fatigue record sheets
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FIG. 2 Summary of Jaguar Load Monitoring Study

LOAD SPECTRA

AND S-N DATA

[ -




ST . -

8-11

O Fin & Talleron Attachments

Fig 3 JAGUAR Rear Fuselage
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Fig7 JET PROVOST
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FIG. 9 JET PROVOST - Failed Fin main spar (booms, web and doubler cracked)
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FIG. 10 JET PROVOST Empennage *
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CF-S VERTICAL STABILIZER FLIGHT LOAD SURVEY

by

N. Nguyen Trong
Military Support, Technical Department
Canadair Limited
P.O, Box 6087, Montreal, P.Q.
Canada, H3C 3G9

SUMMARY

The CF=~5 Vertical Stabilizer has long been recognized as a critical
structural item. In order to arrive at a reliable life prediction for this

particular structure, a flight load survey was carried out to determine the load
spectra.

Specific missions were flown with an instrumented aircraft and the
resulting load spectra were factored to represent the reported mission profiles
for squadron aircraft, Subsequently, it was decid:d to monitor a percentage of
the fleet during routine operation and derive mo:- representative spectra.

This paper compares the results of the flight load survey and the load
monitor{:; program and their effect on the fatigue life prediction and damage
tolera" ‘¢ analysis results.

It ~oncludes that a short filight test program gives valid results which are
useful for immediate use, and that the fleet wide load monitoring program
consolidates and verifies ths findirngs.

1, INTRGDUCTION:

Northrop fatigue test on a F-5E full-scale original design Vertical
Stabilizer showed cracks in the rear fuselage formers and stabilizer-to-
fuselage attachment angle. More importantly, this cracking was followed soon
after by a fatigue crack at the side skin root radius, (Figure 1l). This skin is
considered most structurally critical as its failure will lead to the loss of
the Vertical Tzil. As a result, Northrop subsequently changad the design of the
F-5E Vertical Stabilizer. Inspection of the CF-5 aircraft revealed a high
percentage of the fleet having cracks in the rear formers similar to those found
in the F-SE fatigue test. Since the CF-5 Vertical Stabilizer is identical to

the one used in the FSE tes%, this prompted concern for its fatigue and damage
tolerance lives.

Consequently, Canadair was asked by the Canadian Forces to establish
the safe life, damage tolerance characteristics and inspection intervals for the
CF-5 Vertical Stabilizer. This led to the need to obtain the CF-5 Vertical
Stabilizer actual load spectrum by means of a flight load survey program. This
was considered necessary as the load spectra previously used in No.:chrop
analytical studies had been based on design values for the frequencies of
encountering dynamic yaw and rolling pull-out conditions. Two survey programs
were carried out as follows:

a) A short-term limited flight test program with an instrumented aircraft,
This provided an indication of the overall flight load spectrum.

b) A long~term load monitoring program on a percentage of the fleet using

Mechanical Strain Recorders (MSR}, This program yielded a more
represer.tative load spectrum than that obtained from the short-term
program.

2.0 SHORT-TERM FLIGHT TEST PROGRAM:

2.1 Ingtrumentation:

The instrumentation system used in the flight test was entirely on
board the aircraft and consisted of sensors for both flight and structural
parameters. These sensors included strain gauges, skin surface temperature
gauges and lateral accelerometer. The locations of the strain gauges on the
port and starboard Vertical Tail side skins are shown in Figures 2 and 3
resre««. .vely, All the gauges were used in the ground calibration and gauges €,
and ¢ .2ach on both th2 port and starboard sides) were selected to produce the
Vert'~ .. Tail lateral bending moment.
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2.2 Ground Calibrations:

[ The ground calibrations of the strain gauges were done by Canadair

with lateral load applied to the Vertical Stabilizerby means of a hydraulic
jack. The arplied load was measured by a load cell between the jack and the
tezii surface, Readings were taken directly from the strain gauges, without

E ' going through the aircraft instrumentation system. A detailed description of
Four gauges 62, 6S, 7P and 78 (figures

the calibration is contained in Ref. 2.
2 and 3) were essentially linear with respect to the lateral bending moment M,

and were not affected by torsion. As a result, these four gauges were selected
to measure in-flight lateral bending moments on the Vertical Stabilizer at
WL17,58%, All four gauges were sufficiently accurate throughout their range
4 that they could be used to cross check and back up each other, Furthermore,the

responses of gauges 1P and 1S were also recorded to provide an instrumentation

redundancy.
2.3 Preliminary Flight Tests:

To ensure proper operation of the instrumentation and build wup
a series of preliminary flight

confidence in the load measurement procedure,
The manoeuvre performed was a rudder reverse manoeuvre,

tests were carried out.
The aircraft was stabilized in a.wings level sideslip with €ull right rudder
deflection (i.e., deflected to its hinge-moment 1limit). The rudder was then
reversed at the maximum possible rate and held at full left deflection until the
aircraf’ stabilized. Wings were held level throughout with the application of
ailerun., Lateral bending moment was measured during this manoeuvre at various
altitudes and speeds. The results were then compared to Northrop flight tast
Good agreement was obtained and reported in Ref, This

data from Ref. 3. 4,
confjrmed that the aircraft is representative of standard aircraft for load

measurement purposes.

2.4 Flight Loads Survey:

Twelve flights were executca with mission segments representative of

squadron usage of the CF-5 aircraft. To provide a good coverage of possible
conditions, different external store configurations, diffurent techniques of
A summary of flights {s

rudder wanipulation and different pilots were used,
given in Table 1, The pilots were instructed to maximize, rather than minimize,

the magnitude and occurrence rate of sideslips by using rudder and abrupt
aileron control input freely.
TABLE 1 ~ LOADS SURVEY FLIGHTS

T e v e

t
FLIGHT EXTERNAL
xIJMBBR MISSTONS CONFIGURATIONS
3
F2 Air Combat Training No external stores
F3
P4
ES Handling and Formation
F 6 Centerline tanks
7 Low level navigatlion, reconnaissance
and tactical
F8 Low level navigation, reconnaissance
and tactical
IF9 WS 85 tanks
F10 Low level navigation and range PLUS
F%lz weapons deliveries Suu-20
13

No attempt was made to duplicate individual squadron mission
profiles. 1Instead, a “building block" approach was used. For this, mission
phases such as take-off, aerobatics, etc , often common to different squadron
mission profiles, were isolated in each flight and flight test data was obtained
for each phase. Complete missions could then be built from the appropriate
mission phases. Table 2 summarizes the mission phases for which flight test
Table 3 shows a typical mission profile huild-up from these

data was obtained.
mission phases for a particular CF-5 squadron.
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TABLE 2 - CF-5 Migsion Phase Description

Mission
Phase No. Description
1 Taxi
2 Take~0f
3 Non-manoeuvring
{included: acceleration, climb, cruise, handling
stalls, recovery, visual landing patterns, TACAN,
radar 3quare, radar base, radar final, patterns
"8" and "O" RTB IFR, RTB VFR, relights, refueling
pattern, basic IF)
4 Handling Aerobatics
(included: 1loop, roll, cuban eight, clover leaf,
unugual attitudes, 135° slice, reversal turns,
reversal pull-up, extension and confidence
manoeuvres, firing pass uphill and down hill,
instrument aeros, mach run}
5 Formation Handling
(included: formation exercises, breaks, rejoins,
trail line astern, wing position)
6 Air Combat Manoceuvres
(included: attacker, defender)
7 Weapons Patterns, Low Angle
8 Weapons Patterns, High Angle
9 Landing
10 Low Level Navigation
(Speed: below 400 KIAS)
11 Low Level Navigation
(Speed: 400 to 450 KIAS)
12 Low Level Navigation
{Speed: above 450 KIAS)
13 Route Reconnaissance
TABLE 3 - TYPICAL CF-5 MISSION PROFILE
MISSION| (A) (B) (c) (D) (E) (F) (G) (H) (J) (K)
Mission
Phase |Min, Min, IMin. [Min, Min, {Min. [Min. |Min, {Min. |Min,
1 7.0% 7.0 7.0 2.0 7.0 7.0 }12,0 7.0 8.5 7.0
2 (1)** [ (1) (1) (1) (1) (1) (1) (1) (1) (1)
3 40,5 3.0 ]63.,5 {35.0 [54.5 |61.5 |12.5 [39.75|35.25|76.75
4 3.75 0.5
5
6 12.0
7 1,0 9.0 22,0
8 1.0 9,0 22,75
9 (2) 1) (1) (1) (2) (1) (1) (1) (1) (1)
10 2,5 3.0
11 3.75 9.0
12
13
[Total
[Time 65.5 71.0 ]73.25 180,25 [74.5 |€9,75{72.0 |60,0 {47.0 |B5.0
Monthly
Flight | 3.5% | 25.7%] 5.0% ] 4.0% | 5,08%] 0,0%/19.8%]15.5%118,08] 3,5%

Rate (MﬁR)

NOTE:

*  The
&

time is expressed in minute and decimal,
The data enclosed between brackets is the number of events.,
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2.5 Data Reduction:

A total of 10 hours of flight data was collected from the £light
tests, To establish the bending moment spectrum at 4<he root of the Vertical
Stabilizer, the bending moment magnitude and occurrences had to be extracted
from the data obtained from the flight tests. For this purpose, the "Peak
Between Zero"counting method was used. Under this method, the bending moments
were segregated into two types - the positive and negative bending moments. A
fatigue cycle was counted between two changes of the bending moment sign. The
value assigned to this cycle was the maximum or the minimum peak value recordes
in the cycle. Figure 4 ifllustrates the method.

The duration of each mission was "standardized" to one hour for ease
of computing. The bending moment occurrences obtained by the "Peaks Between
Zero" counting method for the "standardized” mission phases in a particular
mission were summed up to yield the bending moment spectrum for each one hour
mission. Knowing the Monthly Flight Rate (MFR) of each particular mission in
each squadron (Table 3), the Vertical Stabilizer bhending moment spectrum for
each squadron was established for a flying period of 1,000 hours. Table 4
provides this spectrum for Squadron ‘'A' as the number of occurrences and
cumulative occurrences versus Lateral Bending Moment Mx,

TABLE 4 ~ CP-5 VERTICAL STABILIZER LATERAL BENDING MOMENT My
SPECTRUM OBTAINED FROM_SHORT TERM _FLIGHT TEST PROGRAM (SOUADRON

‘A').
My AT WL 17,58 OCCURRENCES CUMULATIVE
PER EXCEEDANCES
(1b-ins) (N-m) 1000 HRS PER 1000 HRS
-250,000 (=28,246) 80 80
-230,000 (-25,987) 0 80
-210,000 (~23,727) 248 328
-190,000 (-21,467) 0 328
-170,000 (~19,208) 475 203
-150,000 (-16,948) 216 1,019
-~130,000 (-14,688) 456 1,475
-110,000 (-12,428) 590 2,065
- 90,000 (~10,169) 1,115 3,180
- 70,000 (- 7,909) 3,682 6,861
-~ 50,000 (~ 5,649) 12,516 19,377
- 30,000 (- 3,390) 108,753 128,130
- 10,000 (- 1,130) 1,027,835 1,155,965
10,000 ( 1,130) 397,225 1,161,403
30,000 ( 3,390) 661,109 764,178
50,000 ( 5,649) 81,312 102,049
76,000 ( 7,909) 11,014 21,757
90,000 ( 10,169) 4,563 10,743
110,000 (12,428) 2,730 6,170
130,000 ( 14,688) 1,129 3,440
150,000 ( 16,948) 1,015 2,311
170,000 ( 19,208) 614 1,296
190,000 ( 21,467) 462 682
210,000 ( 23,727) 240 320
230,000 { 25,987) 80 80
250,000 { 28,246) 0 0

Figure 5 shows

the plot of this spectrum.
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3.0 LONG-TERM FLEET LOAD MONITORING PROGRAM:

To obtain more statistically valid data, a fleet 1load monitoring
program was carried out for three years. About 20% of the fleet aircraft were
instrumented and monitored during this period of time.

3.1 Instrumentation:

Bach monitored aircraft in this program was fitted with a Mechanical
Strain Recorder (MSR) as shown in Figure 6. The MSR, (Fig. 7), manufactured hy
Leigh Instruments Limited, records strain mechanically and is independent of
aircraft systems for power or data inputs. It includes two arms which are
bonded to the aircraft structure:; one drives a stylus and the other holds a
cassette of metal tape. Strain on the structure produces a relative deflection
of the two arms, causing the stylus to etch a trace of strain history of the
structure, The strain motion i3 also used to mechanically advance the cassette
tape so that strain cycles are recorded in sequence, but not on a regular time
base. No electrical or other power source is required for MSR operation. The
MSR requires no maintenance, except for periodic tape changes, and therefore is
attractive for long term loads monitoring. It has already found application on
the USAF F-16, A-37, and A-10 fleet; and on F=-5 aircraft, including CF-5s, for
monitoring wing loads in a multi-national service life extension study.

3,2 Ground Calibrationt

during the calibration of the electric strain gauges used in the
short-term flight test program (Ref. Section 2.2), & MSR was also instalied on
the test ajrcraft and a correlation between the WSR and the electrical strain
gauges was established on the basis of strain measurement, A direct
relationship between the MSR micro strain and the Vertical Stabilizer lateral
bending moment was obtained as follows:

BM = 230,75 MSR - 1030

where BM = lateral bending moment in lbs at WL 17.58
and MSR = measured strain in microstrain

3.3 Preliminary Flight Tests:

Flight tests were carried out to demonstrate the structural integrity
of the MSR installation and to determine its effect on afrcraft €lying
qualities. A series of steady state and dynamic yaw and roll manoeuvres was
flown with and without the MSR and cover installed to identify changes in
aircraft response.

It was anticipated that any effect on aircraft flying qualities, due
to the location of the MSR at the hase of the Vertical Stabilizer, would be
evident in changes to the aircraft's Dutch roll characteristics, available
rudder travel (rudder travel is normally hinge-moment limited) and/or steady
sideslip characteristics. Comporison of data obtained with and without the MSR
indicate1 that these characteristics were essentially unchange” except at 5,000
feet and 0,92 Mach where increased right rudder travel indicated a reduction in
rudder hinge moment (probably due to shock effects) and an increased ratio of
sideslip angle to rudder deflection with right rudder inputs indicating an
increase 1n the cvefficient of yawing moment due to rudder deflection., 1t was
not anticipated that these effects would noticeably alter the aircraft's flying
qualities. Additional details of the flight test results and analysis are
presented in Annex B of Ref. 4.

3.4 Flight Load Monitoring:

The load monitoring of the Vertical Stabili.cr with the MSR unit was
continuously carried out for a period of about 3 years. All monitored aircraft
were to perform normal flight operations. No attempt was made to maximize or
minimize the tail loads at any time, The MSR cassettes where the sgtrain was
recorded were changed periodically to avoid tape run-out.

3,5 Data Reductiont

Each used cassette was sent to Leigh Instruments for processing and
the microstrain recordings read. Using the transfer function des.cribed in
Secticn 3.2 the lateral bending moment on the Vertical Stibilizer could be
obtained. The "Peak Between Zero" counting method was also used to obtain the
number of occivrrences at a particular bending moment I2vel. The Vertical
Stabilizer lateral bending moment spectrum was estaplished by adding up all the
occurences counted at each bending moment level from all the monitored aircraft
in each particular squadron. A 1,000 flying hour basis was used to produce the
spectrum.
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In order to determine.the validity of the data used for the spect:ra, a
statistical test is performed. The formula (Ref. 8).

n '_(‘%21 ol

2

where n = number of hours
e = error = 0,1 x mean
B> confidence level (1.96 for 95%)

O = gtandard deviation

is used to calculate the hours required to be 95% confident that the error in
the mean is less than 108. The standard deviation is calculated by dividing the
difference between the maximum and minimum counts per hour by 6. This method is
described on Page 264 of Ref, 8) and is based on the fact that the mean plus or
minus 3 standard deviations would include almost 100% of the potential
obgservations. If the total number of hours of data that has been collected is
greater than the required hours then enough data has been processed.

A total of 1273 hours of data were collected for squadron ‘'A',
However, about 13% of this data was not acceptable and was rejected before the
reduction of data.

3.6 QXesults ot the Flight Load Monitoring:

Table 5 provides the Vertical Stabilizer lateral bending moment
spectrum obtained from the long-term load monitoring program., Figure 8 shows
the plot of this spectrum. More details of the flight load monitoring program
can be found in Ref. 7.

TABLE 5 - CF-5_VERTICAL STABILIZER LATERAL BENDING MOMENT M,
SPECTRUM OBTAINED FROM THE LONG-TERM FLIGHT LOAD MONITORING PROGRAM
(SOUADRON 'A") -

My AT WL 17.58 OCCURRENCES CUMULATIVE

PER EXCEEDANCES

(1b-1ins) (N~m) 1000 HRS PER 1000 HRS
-250,000 (-28,246) 37 37
-230,000 (~25,987) 21 58
-210,000 (-23,727) 66 124
-190,000 (~21,467) 98 222
-170,000 (-19,208) 236 458
-150,000 (~16,948) 647 1,105
-130,000 (~14,688) 1,753 2,858
-110,000 (~12,428) 4,020 6,878
- 90,000 (-10,169) 7,734 14,612
- 70,000 (- 7,909) 9,318 23,930
- 50,000 (- 5,649) 5,935 29,865
- 30,000 (- 3,390) 2,329 32,194
- 10,000 (- 1,130) 646 32,840
10,000 ( 1,130) 5,251 32,812
30,000 ( 3,390) 11,156 27,561
50,000 ( 5,649) 8,744 16,405
70,000 ( 7,909) 4,659 7,661
90,000 { 10,169) 1,970 3,002
110,000 (12,428) 653 1,032
130,000 ( 14,688) 214 379
150,000 ( 16,948) 83 165
170,000 ( 19,208) 43 82
190,000 ( 21,467) 15 39
210,000 ( 23,727) 13 24
230,000 ( 25,987) ] 11
250,000 ( 28,246) 7 7

4,0 COMPARISON OF RESULTS:

4.1 Comparison of Load Spectrum:

Figure 9 shows the two Vertical Stabilizer Bending Moment spectra
obtained from the short and long-term load monitoring programs. The spectrum
obtained from the short-term flight test is more severe.

4.2 Comparison of Fatigue and Damage Tolerance Analysis and Results:

Analyses were carried out to determine the fatigue and damage
tolerance lives for the CF-5 Vertical Stabilizer base¢ ¢: the two spectra shown
in Pigure 9, Table 6 provides the results of these anaiyses.
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TABLE 6 - COMPARISON OF RESULTS

9-7

Based on Short Based on Long

Term Load Moni~ | Term Load Moni-| Difference

toring Spectrum toring Spectrum
FATIGUE LIFE (HRS) 2000 3420 -423%
INCLUDING A SCATTER {Ref. 5)
FACTOR OF 4
DAMAGE TOLERANCE 2600 2660 -23%
LIFE (HRS)* (Ref. 5) (Ref. 6)

*Agsuming an initial flaw of 0.050" as per Ref. 1.
5,0 DISCUSSION AND CONCLUSION:

From the comparison of results (Section 4) it is seen that the
short-term flight test led to more severe load spectrum for the Vertical
Stabilizer lateral bending moment. This resulted in more conservative fatigue
and damage life estimates for the side skin of the Vertical Tail. This
condition is somewhat expected since the pilots for short-term flight test
program were instructed to exaggerate the rudder manipulation while no special
instructions were given to pilots in the long~term load monitoring program.

Also, the data available for the short-term program is very limited
compared to that of the long-term program (10 hrs vs 1128 hrs of data).

Therefore the statistical validity of thc resultant load spectrum is
restricted,

However, the short-term program had the merit of being less time
consuming (2 weeks vs 3 years) as well as inexpensive. The time factor was
guite important in this case as a quick and relatively realistic estimate for
the Vertical Stabilizer fatigue life was needed to ensure the structural
integrity of the aircraft during the more long-term flight load survey.

In conclusion, the 2 different methods of load measurement used on the
CF-5 Vertical Stabilizer produced quite compatible load spectra. The long~term
load monitoring method is obviously preferable since a more realistic and
statistically valid spectrum is obtained. However, a short-term flight test
with carefully selected flight phases and accurate mission profiles can also
lead to very acceptable results within limited time and cost.
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F-16 FORCE MANAGEMENT, YESTERDAY, TODAY AND TOMORROW

by
R. L. CULP
Enginear
F-16 Loads and Criteria
General Dynamics Corporation
Fort Worth Division
P. O. Box 748 Mz 2802
Fort Worth, Tx USA 76101

SUMMARY

United States Alr Force regulations specify that a Force Management Program will be
established for each aircraft system within its inventory. This paper presents the approach
taken by General Dynamics to fulfill the objectives of the Force Management Program for
the F-16 aircraft. The methodology employed, the current status and the future plans for
the F-16 Force Management Program in the areas of operational data acquisition, processing
and airframe structural maintenance planning are discussed in detail,

1. INTRODUCTION

The overall requirements for aircraft force manaqgment programs are given in Air

Force Regulation 80~13 which established the Air Force Aircraft Structural Integrity Pro-
gram (ASIP).

The basic concept of ASIP, as given iu AF Reg 80~13, Reference 1, is a "time-phased
set of required ‘actions to be performed at the optimum time during the life cycle of an
aircraft system, to insure that the aircraft's service life capability is at least equal
to its required service life."

The objectives of the ASIP are to:

~ Establigh, evaluate, and substantiate the structural integrity (airframe strength,
rigidity, damage tolerance and durability) of the aircraft.

- Acquire, evaluate, and utilize operational usage data to provide a continual
assessment of the in-service integrity of individual aircraft,

- Provide information for decisions regarding force structural planning,
modification priorities, and related operational and support decisions.

~ Provide a basis to improve structural criteria and methods of design, evaluation,
and substantiation for future aircraft systems.

The detailed technical requirements for the ASIP are contained in MIL-STD-1530A,
Reference 2, and are made up of five major tasks. The first three tasks are concerned
with design information, design analyses and development tests, and full scale testing.
The last two tasks, ASIP Tasks IV and V, are defined as the Force Management Program and
are concerned with develcping force management data packages, collecting operational load
indicators and usage data, and operating force management procedures to ensure safe struc-
tural service life of individual aircraft during the aircraft's operational phase.

This paper specifically addresses the particular methods of force management
selected for the United States Air Force F-16 aircraft, in the past, at present, and in
the future. Section 2 provides background information as to the prescribed methedology
to accomplish the elements of ASIP Task IV. Section 3 discusses the current utilization
of operational data as required for Task IV and the data management transfer effort
necessary for implementation of ASIP Task V. Section 4 presents the plans for F-16
force management in the future.
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2, FORCE MANAGEMENT METHODOLOGY BACKGROUND

To accomplish the objectives of ASIP Task IV for the F-16 aircraft, the contractor,
General Dynamics, is required to provide the ilx Forre with a force management data
package. This package is required to be adequate to manage force operations and mainten-
ance planning during Air Force operation of the force management program during ASIP
Task V. Table 2.1 lists the elements of Tasks IV and V as defined by MIL-STD~1530A.

The following sections discuss the methodology developed to accomplish each of the elements
prescribed in ASIP Task IV for the F-16 Force Management Program (FMP).

TABLE 2.1
USAF AIRCRAFT STRUCTURAL INTEGRITY PROGRAM TASKS
(HIL-ST0-1530A)

TASKS TO ASSESS DESIGN AND PLAN STRUCTURAL
OPERATION AND MAINTENANCE

CONTRACTOR AIR FORCE
TASK IV TASK V
FORCE MANAGEMENT FORCE
DATA PACKAGE MANAGEMENT
FINAL ANALYSIS LOADS/ENVIRONMENT
SPECTRA SURVEY
STRENGTH SUMMARY INDIVIDUAL AIRPLANE
TRACKING DATA
FORCE STRUCTURAL INDIVIOUAL AIRPLANE
MAINTENANCE PLANS MAINTENANCE TIHES
LOADS/ENV IRONMENT STRUCTURAL MAINTENANCE
SPECTRA SURVEY RECORD3

INDIVIDUAL AIRPLANE
TRACKING PROGRAM

2.1 Final Analysis

During the design program for the F-16 aircraft, structural static strength design
loads and stress transfer functions were based on accepted analytical methods and eval-
uvation of empirical data from wind tunnel and computer simulated testing. An initial
update of the design loads analysis was accomplished upon completion of the F-16 full-
scale development (FSD) structural laboratory and flight test programs.

Concarrent with the initial update of the design loads analysis, a flight-by-flight
randomized gust and maneuver loads spectrum was developed for use in durability and
damage tolerance analysis (DADTA). The updated F-16 Design Loads Spectrum was a combina-
tion of two detailed efforts:

1. A Design Loads Library was developed incorporating;

- wind tunnel steady-state aerodynamic data
- predictions of static aeroelastic and dynamic loads
- analog-digital hybrid computer simulated aircraft maneuver response data
- limited YF-16 prototype flight-measured loads data
2. A Design Usage Model was defined as;
- 8000 hour scrvice life over 15 years
-~ 5776 sorties with 6592 landings (816 touch and go)
~ mission category mix;
- 55,5% air-to-air missions

- 20,0% air-to-ground missions
- 24.5% general missions
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Baserd on the durability and damage tolerance analyses of the F-16 Design Loads
Spectra, rational criteria were developed to establish the inspection and repair
scheduling and procedures for the F-16 aircraft for the initial operational usage.

These criteria considered the ty,.s of material and construction, critical crack lengths,
inspection capabilities and lin' ts of repair of the aircraft structure.

The objectives of the durepility and damage tolerance analyse< were to:
- avaluate the durability and stress corrosion cracking of the airframe structure

- evaluate primary safety-of-flight structure for damage tolerance requirements
and to identify those in-service inspections required to ensure aircraft safety.

To accomplish these objectives, DADTA methods of damage tolerance crack growth
analysis, assuming a typical initial material and/or manufacturing flaw, were used. To
as ess the effects of usage on the crack growth predictions, a parametric study was con-
ducted by varying the design usage missi: n mix model. The results of these analyses
were then used to prepare the initial Force Structural Maintenance Plan, discussed in
Section 2.3, and provided a crack growth lib.ary for subsequent use in the Individual
Airplane Tracking Program described in Sectiocn 2.5.

The Final Analysis element of the FMP requires that after the aircrafi have been
operational for a specified period of time (three years for the F-16) a Baseline Opera-
tional Loads Spectrum will be derived from operational data collected during the Loads/
Enviro'ment Spectra Survey discussed in Section 2.4. The durability, damage tolerance
and service life analysis will be repeated using this baseline spectrum to update inspec-
tion and modification requirerents for the airframe structural components. A description
of the methods employed to accomplish this task is presented in Section 3.

2.2 Strength Summary

The strength summary describes structural design and certification accomplishments
for the F~16 airframe and landing gear. It includes structural design criteria, struc-
tural arrangement, materials, design load conditions, damage tolerance critical areas,
structural margins of safety, and structural test results. The strength summary includes
any restrictions for service operations and provides a basis for determining the practi-
cality of operational service differaent from the desiqgn requirements,

2.3 Force Structural Maintenance Plan

Regulations in MIL-STD-1530A under Task IV require that the contractor "prepare a
Force Structural Maintenance Plan (FSMP) to identify the inspection and modification
requirements and the :stimated economic life of the airframe.”

The initial FSMP for the F~16 airframe was based on the results of all analyses and
structural tests conducted during the F-16 Full Scale Development Program. The essential
elements of the initial FSMP are:

- Maintenance Activity Summary

- Detailed Structural Inspection and Maintenance Requirements

- Analysis and Test History Sumnma -y

- Potential Structural Maintenance Areas

- Adjustment Procedure¢ . based on Individual Airplane Tracking Results

The FSMP provides guidelines for conducting specific maintenance actions. The plan
specifies applicable ajrcraft, inspection intervals, repaix guicelines, and cost data in
terms of man hours and downtime, The Air Force uses this plan for buigetary, force struc-
ture, and maintepance scheduling and planning.
2.4 Loads/Environment Spectra Survey

bDuring the final analysis stage of Task IV, a design usage model, including flight
ana maneuver profiles, was selected for the aircraft. Since the actual usage of the air-
<raft may impose a load and stress environment on the aircraft that is different from the
design, the FMP requires an early assessment of the effects of operational usadge at #

critical locations. This element of the FMP is obtained through the Loads/Environment :
Spectra Survey (L/ESS). ; H
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MIL-STD-1530A defines the objective of the L/ESS is "to obtain time history records
of those parameters necessary to define the actual stress spectra for the critical areas
of the airframe." It is the responsibility of th~ contractor to determine the required
parameters to be obtained, the instrumentation rec:irements, the number >f aircraft to be
instrumented, and thz length of the recording period. The contractor must design a data
processing system for collection and processing of these time iistory records. The
system must be compatible with current Air Force capabililities of the Aircraft Structural
Integrity Management Information System (ASIMIS) since one of the requirements of Task V
is a transfer of FMP data processing procedures to ASIMIS.

?.4.1 L/ESS Data Acquisition

To support the data acquisition portion of L/ESS for the F-16 FMP, the MXU-553/A
airborne Flights Loads Recorder (FLR) system was selected for use on every sixth aircraft.
The FLR system consists of a signal data recorder, a signal data converter/multiplexer,
and associated sensors. The recorder and converter/multiplexer units are located in the
left side aft equipment bay of the aircraft to facllitate easy inspection of the units and
replacement of the recorded data cartridge.

The FLR unit receives, processes and records signals from control surface position
and engine power lever angle transducers, the flight control computer, central air data
computer, c.ntral interface unit of the stores management subsystem, engine core (N2)
RPM indicator, fuel quantity indicator, and an electrical strain gage located in the aft
fuselage of the aircraft. Certain "documentary data" values such as aircraft serial
number, date, mission type, stores description codes, and weights are input vi. thumb
wheels in the front of the recorder unit before each flight,

The recorder is automatically turned on when the throttle is first advanced follow-
ing engine start and runs continuously until the engine is shut down. This continuous
operation provides time histcry records of the recorded parameters for both ground and
flight operations. Table 2.2 lists the recorded parameters, sampling rate and source
along with additional parameters calcuiated from the FLR data.

The FLR recording medium is a replaceable tape cartridge with a capacity of 15 hours.
To insure that a majority of in-flight data is recorded, the FLR cartridge is replaced
at 10~hour intervals by field maintenance personnel, then transmitted to ASIMIS for pro-
cessing as described in the following section,

TABLE 2.2
F~16 LOADS/ENVIRONMENT SPECTRA SURVEY PARAMETERS
PARAMETER (SYHBOL/ACRONYM) SAMPLING SOURCE PROGRAM CALCULATED PARAMETERS
RATE/SEC
PRESSURE ALTITUDE {Hp) 1 CAOC TIME=IN-FLIGHT QU
CALIBRATION AIRSPEED (ve) 1 CADC GRuSS WEIGHT QL/LE
PITCH RATE (] 15 FCC HACH NUMBER Q
YAW RATE (R} 15 FCC DYNAMIC PRESSURE QL
ROLL P4k ®) 30 144 RIGHT HT BENDING MOMENT LE
ROL* ACCELERATION (Pdot) 30 FLR C/M VERTICAL TAIL BENDING LE
VERTiCAL ACCELERATION (Nz) 15 FCC LEFT WING ROOT BENDING LE
LATERAL ACCELERATION (ty) 15 fiin RIGHT WING ROOT BENOING LE
LONGITUD INAL ACCELERATION (Nx) 5 ACCELEROHETER LEFT HT BENDING MOMENT LE
FUEL QUANTITY (FQ) 1 INDICATOR PFAK INDICATOR CODE QL/LE
ENGINE ROTOR SPEED (N2) 1 INDICATOR CENTER OF GRAVITY LE
RUDDER POSITION (oR) 15 LvoT STURES CONFJIGURA® 10N LE Doc
LEFT HT POSITION {OHL) 15 ot
RIGHT HT POSITION (DHR) 15 LT
LEFT FLAPEROM (OFL) 15 Lot
RIGHT FLAPERON POSITION (DFR) 15 LvoTY
POWER LEVER ANGLE (PLA) 5 LvpT
STRUCTURAL STRAIN 15 STRAIR GAGE
EVENTS SIGKAL ) FLR
LG DOWN CMD
WEIGHT~ON-WHEELS
WEAPON RELEASE l
CADC « Central Air Data Computer
FCC = Flight Control Computer
FLR C/H = Flight Loads Recorder Convertes/Multiplexur
LvoT » Linearily Variable Differential Transducer
QL = Quicklock Computer Procedure
LE = Loads Edit Computer Procedure
HT = Horizontal Tail
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2.4.2 L/ESS Data Processing

Four major steps are used in the processing of the FLR data for the L/ESS function
of the F-16 FMP. One procedure is a standard prccedure developed by ASIMIS for use on
all MXU-553/A flight loads recorder ssstems, while the other three were developed by
General Dynamics for the F-16 FMP. Figure 2.1 illustrates the flow of data processing
from the removal of the FLR data cartridge to the outputs required for the L/ESS.

FIGURE 2.1
F-16 L/ESS DATA PROCESSING

NXU-553/A SIGNAL DATA REL RDER

® FLR DATA CARTRIDGE REMOVED
AT 10 HOUR INTERVALS

>

REFORMATTER-TRANSCRISER UNLT

RECAP PROCEDURE

D o RAW DATA EOITING
« CARTRIDGE TO FYELD DATA TAPES o SYSTEM FAULT 1SOLATION

O © DATA BASE

QUICKLOOK PROCEDURE

® DATA REDUCTION
o AIRPLANE DATA TAPE

o ENGINE DATA TAPE F-16 CENTRAL DATA SYSTEM
Ll <>
LOADS EDIT PROCEDUAE SUPPLEMENTAL OATA PROCESSING
® FINAL CATA REDUCTION G ® MISSION TYPE BY T/N
® FLIGHT-BY-FLIGHT RESPONSE HISTORY ® FLIGHTS BY T/N
® USAGE SUMMARIES TO DATE BY ® FLIGHT TIME 8Y T/N
MISSION TYPE FOR EACH

DPERATIONAL USAF BASE

<

DOCUMNT PROCEDURE

MSR STRESS RANGE
EXCEEDANCE LIBRARY

o LOAD EXCEEDANCES

® USAGE SUMMARIES BY AtRCRAFT
TAIL NUMBER

© PREPARATION OF SUMMARY DATA FOR
L/ESS REPORTS

After removal from the operational aircraft, the FLR data cartridge is sent to
ASIMIS for processing. The cartridge is first run through a reformatter/transcriber (R/T)
unit where the recorded data is transcribed onto a magnetic computer tape. The R/T tapes
are further processed through a computer procedure called RECAP, which was developed by
ASIMIS for the evaluation of all MXU-553/A signal data recorder R/T data tapes. Analysis
includes reviewing the data to identify recorder, multiplexer, or sensor malfunctions and
to verify that the data is acceptable for subsequent data processing. Output of RECAP
includes flight headers, summaries, events, histograms, and fault isolation lists.

The initial processing of the R/T tape is accomplished through the Quicklook (QL)
procedure. This procedure is very similar to RECAP in that output consists of flight
headers, summaries, events, histograms, and a list of possible data spikes., In addition,
a table of percent-of-time by Mach number, altitude, and gross weight is calculated ior
each flight. On-ground and in-flight time periods are distinguished and periods of
significant in-flight maneuver activity are identified for use in the L/ESS and subsequent
data processing. The QL procedure also calculates four additional parxameters from the
FLR data samples: time in flight, gross weight, Mach number, and dynamic pressure. A
time history tape of the FLR data, modified to exclude certain non-maneuvering time
periods and ‘o add the four calculated parameters, is then output for further processing.

The QL procedure also produces a tape for use in the development of engine usage
spectra. This tape, termed the PLA tape, contains the time histories of four FLR para=-
meters, Mach, Altitude, Engine Rotor Speed and Engine Power Lever Angle, at one sample
per second and a fifth parameter, vertical acceleration (Nz) at fifteen samples per second.

The PLA tape is used to evaluate the operational engine usage 'n a manner similar to the
structural analyses.
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Before procassing of the FLR data, the QL flight header records are validated by
showing agreement with aircraft tail number, mission type, and stores configquration
information obtained through *the F-16 Centralized Data System of the USAF corresponding
to the specific flight period of the FLR data. Valid QL tapes are then processed through
the Loads Edit procedure.

Procedure Loads Edit performs £inal reduction of flight-by-flight FLR data and
accumuiates tables of contrcl surface position change occurrences, exceedances of
vertical acceleration (Nz), lateral acceleration (Ny), roll rate (P), and roll accelera-
tion (PAot), and landing gear events. These tables, along with the percent-of-time
tables read in from the QL output tape are referred to as summary tables. Procedure
Loads Edit maintains a data base containing cumulative summary tables to date for each
operational USAF base from which data is regularly received.

Loads Edit uses equations derived through regression analysis of itructural loads
flight test data to compute vaiues of left and right horizontal tail ana vertical tail
bending moment throughout each maneuver. The FLR data samples are reduced using a peak-
valley data compression routine based on the activity of these three load parameters,
the response parameters P and Pdot, and the vertical acceleration Nz. The reduced FLR
data is output onto a magnetic tape, called the compressed time history (CTH) tape, along
with the summary tables for each flight. The cumulative summary tables are output onto
a separate magnetic tape.

Procedure DOCUMNT processes the CTH and cumulative summary table tapes output by
Loads Edit to produce exceedance tables of Nz separated by airecraft tail number, mission
type, and gross weight range. These tables are subsequentiy published in the periodic
L/ESS reports as required for the FMP. DOCUMNT computes stress exceedances based on FLR
data for comparison with Mechanical Strain Recorder stress exceedance data compiled by
the Individual Airplane Tracking analysis procedure further discussed in Section 2.5. 1In
addition, DOCUMNT accumulates percent-of-time tables for all mission types for which data
has been received to date.

Procedure DOCUMNT is the final step of the L/ESS data analysis. The CTH tapes pro-
duced during the L/ESS are accumulated and later used for development of operational loads
spectra.

2.4.3 Baseline Operational Loads Spectrum

Upon completion of the collection and processing of three years of FLR data, the
contractor is required to develop a Baseline Opera+ional Loads Spectrum for npdating
durability and damage tolerance analyses and subse juent structural maintenance planning
actions. This loads spectrum incorporates the variation in the usage of the aircraft
encountered during the three year period of the L/ESS. The current status of the F-16
FMP includes analyses of the Baseline Operational Lcads Spectrum. A description of the
development and processing of the FLR data to accomplish this task is given in Section 3.

2.5 1Individual Airplane Tracking Program

It is stated in MIL-STD-1530A that the objective of the Individual Aircraft Tracking
(IAT) program shall be "to predict the potential flaw growth in critical areas of each
airframe that is keyed to damage growth limits of MIL-A-83444, inspection times, and
economic repair times." To accomplish this portion of the FMP, appropriate usige para-
meters, data collection metheds, and data analysis programs are developed by the contractor
for later transfer (during implementation of Task V) to ASIMIS. The following sections
discuss the particular equipment and methods employed by General Dynamics to accomplish
this task for the F-16 FMP. Figure 2.2 illustrates the data collection and processing
procedures.

2.5.1 IAT Data Acquisition

To monitor and record the required tracking data for each F-16 aircraft, General
Dynamics chose to install the A/A 32A-37 Mechanical Strain Recorder (MSR). The MSR
system is self-contained, requiring no electrical power, and consists of the recorder
assembly, a data cassette, and a protective cover. The MSR is installed in each aireraft
on the lower right~hand flange of a center fuselage wing carry-through bulkhead. The
system is easily accessible through the main landing gear wheel well. The strain at
this location is predominately sensitive to wing root bending moment, and is used for
defining the individual aircraft's maneuver activity time history.

The MSR has two diamond styluses which inscribe traces ontc the metallic recording :
tape of the data cassette. One trace is used as a reference line while the other trace '
defines the strain levels caused by aircraft maneuvers., H
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The MSR cassette's recording capacity is a function of the strain activity of the
fuselage bulkhead since the tape is advanced proportionally to the severity of the strain
cycle occurring during maneuvers. fThe capacity is between 70 and 100 flight hours for
the operational aircraft. To allow for variations in maneuver activity, thz replacement
interval is set at 50 hours. At the 50 hour interval the cassette is replaced and
transmitted to ASIMIS for transcription to a digital computer data tape for subsequent
processing in the IAT program,

FIGUrE 2.2
F=16 1AT OATA PROCESSING

l OPERATIONAL BASE ]

L4
A/A 32A-37 R
l F-16 CENTRAL OATA SYSTEM MECHANICAL STRAIN RECOADER
<> ® HSR CASSETTES REMOVED
AT 50 HOUR PHASED INSPECYIONS
SUPPLEMENTAL DATA PROCESSING o

S HISSION TYPE 8Y T/N
® FLIGHTS BY T/N

® FLIGHT TINE BY T/N
®MSR HOURS BY T/N

DATA TRANSCRISER ynIT

® CASSETTES TO FIELD DATA TAPE
<> <

INDIVIOUAL AIRPLANE TRACKING
PROCEDURE

MSR OATA PROCESSING PROCEOURE

® MSR CAPTURE RATES

® CONTROL POINT CRACK GROWTH
AND MAINTENANCE ACTIONS
PREDICTIONS

¢ STRESS EXCEEDANCE DATA
® MSR STRESS RANGE EXCEEDANCE
FREQUENCY DISTRIBUTION

® |AT REPORT

2.5.2 IAT Pata Analysis

The F-16 IAT data analysis methods utilize the concept of usage variations encom~
passing the range of aircraft usage from the least severe to the most severe. The
individual aircraft unique usage is compared with these usage variations to predict
crack growth rates at selected tracking points of the airframe structure. The required
usage variation crack growth curves are derived from durability and damage tolerance
analyses of loads spectra developed during a study conducted specifically for this purpose.
An update of these crack growth curves, based on operational usage collected during the
L/ESS and field inspections, is required for each of the selected tracking points, listed
in Table 2.3,

The initial data processing procedure for the MSR data tape converts the sequential
raw strain data to valley-to-peak stress histories at the MSR location. These stress
histories are then processed, as outlined in the following steps, to define the individual
aircraft's unigue usage during the specified time period.

1. From the stress histories recorded by the MSR for a specific aircraft, identified
by tail number (T/N), a stress cyclic-range squared (Aoﬁsn) exceedance distribu-~
tion per 1000 hours is developed.

2, Slope and iﬁtercept (m and b) values are derived for the exceedance distribution
using an exponential (exp) curve fit routine to arrive at an equation of the
form:

2 = 2 ;
N(80yegd 7y = eXP (m ) p0%ycp  + bpy) :

where N = Numbrr of exceedances

3. The m and b values are stored on a magnetic tape with corresponding aircraft tail
number and reporting period for use in the IAT analysis procedure.
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Before processing of the MSR derived exceedance data for a specified reporting period, 5
supplementary data of aircraft usage at each base, as collected by the F-16 Centralized
Data System (CD3), must be reviewed and processed. This usage data, collected on a daily
basis and transmitted monthly to General Dynamics, consist of:

~ base of operation

- airplane tail number

- date of flight

- number of flight hours

- mission type for the flight

The CDS data provides information to the IAT analysis procedure to account for total
number of flights, total flight hours and tatal flight hours by mission type accumulated
for each aircraft. This data may also be used to account for inadequate or missing MSR
data for each aircraft during the specified reporting period. This supplementary data is

further used to complete the usage summary tables of the IAT periodic reports required
for the F-16 FMP.

The IAT analysis procedure uses the MSR stress exceedance data, the usage data pro-
vided by CDS, and a flaw growth library derived from the five variations of the initial
F~16 Design Loads Spectrum to create cumulative flaw growth curves for each IAT control
point on each individual aircraft. The flaw growth library contains predicted crack
growth curves for each of the IAT control points and normalized AoZ., equations for each
of the five usage variations. The methods used to calculate and noimalize the Ao;
exceedance distribution equations for the five usage variations are shown in Figure 2.3.
Figure 2.4 outlines the steps utilized in the IAT analysis procedure to predict crack
growth at each control point for each aircraft during a specified reporting period.

The IAT analysis procedure outputs u magnetic tape containing the accumulated flaw
growth values for the individual aircraft and a printout of the flaw growth, the mainten-
ance action times, and the aivcraft usage summaries which go into periodic IAT reports.
The IAT rep..ts, published at six month intervals, provide the data necessary to modify

the inspection and repair schedules for the critical areas of the airframe structure on
each individual aircraft.

TABLE 2.3
F=16 INDIVIDUAL AIRPLANE TRACKING CONTROL POINTS

WING STRUCTURE

UPPER WING SKIN CUTOUT AT 8L 61.5

WING ROOT LOWER ATTACH FITTING

LOWER WING SKIN PYLON CUTOUT AT 8L 71

LOWER WING SKIN FUEL VENT AT BL 102

FRONT SPAR LOWER FLANGE AT LEF HINGE #2

LOWER WING SKIN FASTENER HOLES AT BL 120

LOWER WING SKIN SURFACE AT BL 112, HIGH YIELD MATERIAL

FORWARD FUSELAGE STRUCTURE

COCKPIT SILL LONGERON

CENTER FUSELAGE STRUCTURE '

WING SUPPORT BULKHMEAD SHEAR WEB
BULKHEAD AT FS 341.8, REFUELING WELL STIFFENER FASTENER HOLES
UPPER BULKHEAD WEB FILLET RADIUS AT WING ATTACH

AFT FUSELAGE STRUCTURE

BULKHEAD AT FS 479.8, UPPER FLANGE BOLT HOLE AT BL 23

VERTICAL TAIL STRUCTURE

e n Bt we e ¥

VERTECAL TAIL ATTACH FITTING WEB-PAD RADIUS
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FIGURE 2.3

USAGE VARIATION CRACK GROWTH PREDICTIONS FOR IAT PROGRAM

STEP J:  GIVEN STRESS TIME HISTORIES AT THE MSR
LOCATION BASED ON DESIGN LOADS SPECTRA,
DERIVE A0%ygp EXCEEDANCE DISTRIBUTIONS
FOR EACH OF THE 5 USAGE VARIATIONS.

2
N(sa MSR)
EXCEEDANCES PER 1000 HOURS

STEP 3: NORMALIZE Ac?msR EXCEEDANCE DISTRIBUTIONS
TO THE LARGEST *b"' VALUE FOUND IN STEP 2
BY HULTIPLYING N(Ao%sp)y BY exp(biy-b1)
(ASSUMING big 15 LARGEST)
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STEP 2: COMPUTE AN EXPONENTIAL CURVE FIT OF EACH
OF THE Ao2usp EXCEEDANCE DISTRIBUTIONS BY
LINEAR REGRESSION TO DERIVE AN EQUATION,
WHERE 1 = 1, 10, 111, IV, V, IN THE FORM:

N{8o*usR)§ = exp(m;daiysg + bi)

w

o

2

Q

ES
%O
g=
-
< & 1
Ew

w

=

g \ ' H

!

s v v

w

(~]

=

802
HSR

STEP 4: DETERMINE NORHALIZED TIME CRACK GROWTH
CURVES FOR EACH TRACKING CONTROL POINT
FOR EACH USAGE VARIATION BY HULTIPLYING
CRACK GROWTH TIHE BY exp(b; - byy),

% = CRACK LENGTH

ty - NORMALIZED TIME

FIGURE 2.4

INDIVIDUAL AIRPLANE TRACKING PROGRA{ DATA ANALYSIS

STEP 1: GIVEN A NORMALIZED (Ao’usp)y/N EQUATION
FOR AN AIRCRAFT FOR A REPORTING PERIOD,
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3. CURRENT FORCE MANAGEMENT STATUS

The requirements in the ASIP for Task V specify that the Air Force will be pri. :rily
responsible for utilizing the Force Management Data Package supplied by the contractor
during Task IV with a minimum of assistance. To meet this requirement, an overall trans-
fer plan was established corresponding to specific guidelines. The current status of
this transfer effort in the areas of L/ESS and IAT are discussed in the appropriate sec-
tions following.

Specifications within the Final Analysis and IAT elements of the F-16 FMP require
that a Baseline Operational Loads Spectrum, along with variations of the spectrum, be
develope¢ to provide updates to durability and damage tolerance analyses and subsequently
to the Force Structural Maintenance Plan. Development of these load spectra are now
complete or nearing completion. Section 3.3 discusses the methods utilized to accomplish
this task.

3.1 Loads/Environment Spectra Survey

The L/ESS for the F-16 aircraft is currently providing the specified time history
records and usage information to General Dynamics and the Air Force in a timely and
organized manner. The L/ESS have proven that operational data may be collected, processed
and utilized to provide a data base for use in defining structural maintenance actions.

The three year operation of the F-16 L/ESS by General Dynamics has produced seven
periodic reports documenting the collection of the FLR data and the required usage
information. The L/ESS data processing procedure Quicklook, described in Section 2.4.2.
is currently operational at ASIMIS. The Loads Edit procedure is scheduled to be trans-
ferred to ASIMIS during 1984,

As of January 1, 1984 a total of approximately 2100 £lights containing 2500 hours
of FLR data have been accumulated for use in the development of operational loads spectra
These loads spectra include the Baseline Operational Loads Spectrum, required for update
of the Design Loads Spectrum developed in the Final Analysis element, and the usage
variation loads spectra required for the update of the crack growth models used in the
IAT, In addition, the FLR data is proving valuable in the development of loads spectra
for variations of the F-15 airframe,

3.2 1Individual Airplane Tracking Program

The F-16 IAT program provides predictions for flaw growth and structural maintenance
actions at selected control points for each aircraft in the USAF. The accumulated flaw
growth predictions, based on individual aircraft MSR defined stress histories or the
individual aircraft usage data provided by CDS for periods of incomplete or missing MSR
data, call for initial maintenance actions to occur in the 1990 time frame on the average.

The F-16 IAT data processing procedures were operated by General Dynamics through
1982, producing six periodic reports, In 1983 the procedures were transferred to ASIMIS
for Air Force operation.

3.3 Baseline Operational Loads Spectrum

The development of operational loads spectra from the FLR data Lase begins with the
selection of appropriate FLR flights to recreate the operational usage encountered by the
aircraft in the field. The accumulated operational usage mission mix at three primary
USAF F~16 bages and the flight time weighted composite mission mix computed for the
baseline operational loads spectrum are shown in Table 3,1. The F~16 design usage
mission mix is also given in Table 3.1 for comparison.

TABLE 3.1
F-16 L/ESS USAGE HISSION HIX

MISSION USAF BASE COMPOSITE | DESIGN

CATEGORY 1 2 3 USAGE USAGE
AIR-TO-AIR i 35.3% | 35.6% | 26.3% 32.8% 55.5%
AIR=-T0-GROUND 39.9% | 30.2% | 60.2% 42.4% 20.02
GENERAL 24,8% | 34.2% | 13.5% 24.8% 254,5%
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The selection of the FLR flights for the operational loads spectrum must also
satisfy the requirement that the maneuver activity of the spectrum meet the composite
vertical acceleration (Nz) exceedance distribution of the L/ESS. Figure 3,1 illustrates
the comparison of the Nz exceedance distribution provided by L/ESS Report No. 6 for
development of the F-16 Baseline Operational Loads Spectrum with that of the F-16 Design
Loads Spectrum.

FIGURE 3.1
F-16 PEAK LOAD FACTOR EXCEEDANCE OISTRIBUTION PER 1000 HOURS

F=16 A/8 BASELINE OPERATIONAL LOADS SPECTRUN ——————
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The concept of a repeatable block of flight-by-flight loads histories is utilized in
the development of the operational locads spectrum. A 500 hour block of FLR data is
selected representing the baseline usage and repeated to build the 8000 hour service life
loads spectrum. This method is beneficial in that it reduces some analysis expense and
it enhances fractography results from laboratory test specimens.

After selection of the FLR flights for use in the operational loads spectra, the
edited FLR data for each flight are processed to compute load time histories at selected
control points, The methods employed in the prediction of loads from the FLR data have
been updated from the methods developed in early FMP analyses., Current FMP load equa-
tions are derived from various sources, including:

- F-16 FSD and follow-on structural flight test data
- analytical design loads
- updated wind tunnel data

The development of load equations from the structural f£light test data utilize
linear regression analysis techniques to arrive at equations of the form:

= * * *
Load co +C (P‘) +c2 (Pz) * .+ C (Pn)

1

where cI - Cn are the regression coefficients

and P1 - Pn are appropriately selected FLR parameters

Development of loads predictions from analytical design loads and wind tunnel aexo-
dynamic load coefficient data noxmally is ascomplished using interpolatior methods on a
finite grid of predicted loads. Due tou highar cost, in terms of computer processing
time, this method is only used when the requirel load items are not available from the
flight test data or the loads equations derived from regression analysis prove
inadequate. In certain cases, the analytical cr wind tunnel derived loads predictions
grid is sufficient to process througl. :2gression analysis to provide loads equations
with a very high degree of correlation, thus, reducing computer processing costs.
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Upon completion of the processing of all selected FLR flights in the 500 hous block,
documentation, consisting of maximum/minimum loads, total flight time, percent-of-time
by Mach number and altitude, mission type summaries for usage definition, and exceedance
distributions of significant maneuver response and load parameters are output. The
computed loads time histories provide the basis for the durability and damage tolerance
analyses at the selected structural control points.

At this time, the F~16 A/B Baseline Operational Loads Spectrum is being evaluated by
durability and damage tolerance analyses procedures, Laboratory testing of ilems in the
structural evaluation program update is progressing. The usage variation spectra, to
support the IAT program, are currently being developed for completion in 1984.

3.4 F-16 C/D Loads Spectra

The FLR data, accumulated through the L/ESS of the F-16 A/B operational aircraft,
was first utilized in the development of a F-16 C/D Advance Loads Spectrum. The develop-
ment of this loads spectrum proved thac the FLR data could be used for spectra develop-
ment for F-16 model variations. However, there were problems to overcome when predicting
loads on a variation with certain system configuration changes. It was found that
operational differences from the baseline F-~16 A/B gystems, such as the leading edge
variable camber system, produce model peculiar loads on the airframe, To alleviate these
problems, methods were developed incorporating stability and control and structural f£light
test data and additional analytical loads predictions,

The methods for processing FLR data for development of operational loads spectra,
described in Section 3,3, and the methods mentioned above are currently being utilized
to develop an initial baseline loads spectrum and usage variation spectra for the F-16
C/D aircraft. Updates to these spectra will be provided in the future using the expanded
capabilities of the F-16 C/D Force Management Program described in the following section.

4. FUTURE FORCE MANAGEMENT PLANS

Development and integration plans are now being made at the USAF F~16 SPO and
General Dynamics for acdition of a Crash Survivable Flight Data Recorder (CSFDR) System
to be incorporated into the advanced avionics system of each F-16 C/b aircraft. The
specification for this new system contains Tri-Service (Air Porce, Army, and Navy)
requirements for a common flight data recorder. The F-16 C/D CSFDR system consists of
three nardware units:

~ Signal Acquisition Unit (SAU)
- Crash Survivable Memory Unit (CSMU)
- Auxiliary Memory Unit (AMU)

The SAU, to be located in the aft left equipment bay, will receive signals from the
aircraft multiplex bus and from other data sources. Then, through the use of a micro-
computer, the SAU will process, convert and compress the analog signals to digital output
on a realtime basis. This output will be saved within the SAU, stored in the CSMU, or
stored in the AMU which will be mounted within the SAU. The SAU and AMU are not required
to survive severe crashes. The CSMU will be located in the aft fuselage area of the
aircraft for improved survivability.

Four types of data will be processed by the SAU:
1. Mishap Investigation data

2. Individual Airplane Tracking data

3. Structural Loads Environment data

4. Engine Usage data

Although the actual on-board data processing algorithms and dita storage medium for
each data type may differ, there is a commonality of input parameters to be processed by
the SAU. Table 4.1 gives the input/output parameters of the SAU. Also included are the
sampling rate, data type use, and notes as to where the parameter signal will be obtained.
As can L= seen, most signals will be readily available from the Flight Control Computer,
or the aircraft systems multiplex bus. With the exception of the control surface posi-
tion transducers, all CSFDR sensors will be included in the basic F-16 C/D system,
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The CSMU wil™ receive data from the SAU and will maintain a minimum of 15 minutes
of aircraft flight data in a nonvolatile memory medjum. The CSMU will have very
stringent operational and survivability requirements,

The four types of data to be processed and stored by the CSFDR system are addressed
in the following sections. The on-board processing methods, memory capabilities, and
anticipated post-flight processing and utilization methods for each data type are dis-

cussed. TABLE 4.1

F-16 CRASH SURVIVABLE FLIGHT DATA RECORDER SYSTEM INPUT/OUTPUT PARAMETERS

PARAMETER SAMPLING DATA SOURCE PARAME TER SAMPLING OATA
(SYMBOL/ACRONYHM) RATE/SEC TYPE USE RATE/SEC TYPES
----- FLIGHT CONDITIONS ===-=DISCRETE SIGNALS
CORRECTED ALTITUDE (HP) 1 1 2 3 4 { Hux ELEC ENG CONTROL 1 1
CAL AIRSPEED (ve) 1 1 3 HUX JFS “START 2" ! 1
TRUE FREESTREAM AIR TEMP 1 i 3 4| Mux AIR LIGHT (EPU) 1 1
ANGLE OF ATTACK 8 1 3 HUX GEN -~ MAIN FAIL i ]
RADAR ALTITUDE 1 1 HUX GEN ~ STBY FAIL 1 1
RADAR ALT LOW SET t 1 HUX FLCS PWR TEST SWITCH 1 !
TRUE HEADING 4 1 Mux FWC FUEL RES LOW 1 1
HSI COURSE DEV 1 1 MUX AFT FUEL RES LOW 1 1
PITCH ATTITUDE 4 1 HUX HYD PRESS *A" LOW 1 1
ROLL ATTITUDE 4 1 HUX HYD PRESS *'8" LOW 1 1
GROSS WEIGHT (6W or W) i 2 3 MUX FSC CAUTION ''RESET" 1 1
MACH NUMBER (1) 3 4 | SAU Calc AUTO PILOT-ROLL/HDG 1 1
AUTO PILOT-ROLL/ATT i 1
----- AIRCRAFT RESPONSE AUTO PILOT~PITCH/HOU i 1
PITCH RATE (@ 16 2 3 FCC Analog AUTO PILOT-PITCH/ATT 1 H
PITCH ACCEL (Qdo¢) 16 3 SAU Calculation FWD PADDLE DEPRESS 1 t
ROLL RATE (13} 16 2 3 FCC Analog AFT PADDLE DEPRESS | |
ROLL ACCEL (Pdot) 16 3 SAU Calculation CONTROL STICK POS i 1
YAW RATE (R) 16 2 3 FCC Analoy CAT 1/111 POS 1 V23
YAW ACCEL (Rdot) 16 3 SAU Catculation DUAL FC FAILURE 1 1
LONG ACCEL (Nx) 4 1 3! FCC Analog AUTO TF SELECT 1 1 3
VERT ACCEL (Nz) 16 V2 3 4 | FCC Analoy MANUAL TF SELECT i i 3
LAT ACCEL (Ry) 8 1 3 FCC Analog TF FAILURE LT | !
0BS WARN LT 1 1
====-- CONTROL SURFACE POSITIONS AUTO TF FAILURE LT 1 1
RUDDER POSITION (0R) 8 1 3 LvoT VALID WEAPON RELEASE 1 123
LEFT HT POS (DHL) 16 i 3 LvDT SINULATED WEAPON REL H 1
RIGHT HT POS (oHR) 16 ! 3 tvoT HLG WE|GHT-UN-WHEELS 1 12 3
LEFT FLAPERON POS (DFL) 16 ] 3 LvoT LG DOWN COMMAND 2 i 23
RIGHT FLAPERON POS (OFR) 16 1 3 LvoT COMM XMIT (UHF/VHF) 1 1
LEF POSITION (OLEF) ] ¥ LEF Feedbsck OVERHEAT t |
A
----- PILOT INPUTS
STICK FORCE - LONG 4 1 FCC HUX « Multiplex Bus
STICK FORCE - LATERAL 4 1 FCC SAU = Signal Acquisition Unit
FCC = Flight Control Computer
----- ENGINE PARAMETERS LVDT= Linearily Variable Difrerential
POWER LEVER ANGLE (PLA) 2 ¥ 4 | dard wired Transducer
CORE RPHM (N2) 2 1 4 | tndicator HT = Horizontal Tail
FAN RPH (n1) 2 1 4 | N1 Signal LEF = Leading Edge Flap
FAN TURBINE INLET TEMP 2 1 4 | Indicator FLC = fuel Level Control
NOZZLE POSITION 1 1 Sync Indicator
TOTAL FUEL QUANTITY (FQ) 1 1 2 3 MUX
FWD FUEL QUANTITY (FFQ) 1/5 ) FLC
AFT FUEL QUANTITY (AFQ) 1/5 1 FLC
FUEL FLOW (FF) ] i FF Meter

4.1 Mishap Investigation Data (Type 1)

The retention of Type 1 data in the CSMU will increase the capabilities of mishap
investigation for the F-16 C/D aircraft. The evaluation of thes: data will provide
information as to the cause of the mishap, including the flight and aircraft systems
conditions.

The SAU will continuously process Type 1 data during flight and record data in the
CSMU using algorithms for storing various types of data consisting of: H

- Special Events i
- Baseline Data ;
¢
- Continuous Update Data 5
¥
3
¥
1
i
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The special event data will consist of signals recorded 15 seconds before and after
the indicated event. Up to five special events may be recorded in any flight. Sixteen
different criteria will be programmed into the SAU to trigger the special event algorithm

such as:
- pilot command
- signals exceeding limits
- discrete signal indicating a malfunction

The baseline data, consisting of recorded signals 15 seconds before and after lift-
off, and the special events data will be stored with overwrite protection in the memory

of the CSMU.

The continuous update data will be stored in the CSMU using a logic-state-change
criteria for discrete signals and a floating aperture data compression technique for the
digital/analog parameter signals. The CSMU will contain sufficient memc.y capacity to
record a minimur of 15 minutes of flight data before the oldest data samplec are over-
written. The Type 1l data will be extracted from the CSMU via the SAU as required to
support mishap investigation by qualified base personnel using a Memory Loader/Verifier
(MLV) unit or directly from the CSMU.

4.2 1Individual Airplane Tracking Data (Type 2)

Type 2 data, for the F~16 C/D Individual Airplane Trackiag (IAT) program, will be
processed and accumulated by the SAU, The accumulation of these data will require a
minimum of memory within the SAU since the data will be saved in the form of exceedance
and/ox occurrence tables rather than a time history required for the other data types.

The inflight processing of the Type 2 data will include the accumulation of exceed-
ance/occurrence tables of vertical acceleration (Nz) and valley-to-peak delta Nz2W at the
aircraft center of gravity. 1In addition, a cumulative surmary of number of touch-downs,
number of gear extension events, number of flights, total flight time, and vertical
acceleration overloads with associated gross weight will be atored. It is planned that
the accumulated data will be coilected (but not cleared from memory) at 100-hour phased
inspection intervals at the base level using the MLV unit.

Post~flight processing of the Type 2 data will utilize the delta NzW exceedance/
occurrence tables in much the same manner as the MSR data of the F-16 A/B IAT program.
The addition of the other Type 2 data will provide a more detailed capability for the
tracking of the usage of individual aircraft.

The data to be processed and accumulated by the SAU for tracking of individual
aircraft are selected to be independent of flight crew inputs and will require only
minimal ground personnel interaction. It is anticipated that this will result in high
capture rates of individual aircraft usage data and therefore provide increased data
sampling for the IAT program for the F-16 C/D aircraft,

4.3 Structural Loads Environment Data (Type 3)

The processing by the SAU and storage in the AMU of the Type 3 data will provide
greatly expanded and simplified methods for the Loads/Environment Spectra Survey of the
F-16 C/D aircraft., In~flight processing will include:

- calculation of aircraft response accelerations (Pdot, Qdot, and Rdot) from
high sampling rate response

- calculation of vertical and lateral accelerations at the aircraft c.g.
- data compression of the available flight parameters

The data compression techniques to be employed on-board the aircraft will elimin-
ate most of the data processing procedures required for the original F-16 A/B FLR data
reduction, including Quicklook and Loads Edit. fThe in-flight compressed data will retain
the maneuver time history sequence provided by these procedures. :
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The peak-valley maneuver indicators for inflight data compression will include:
the accelerations, Nz and Ny, roll response parameters, P and Pdot, and computed bending
moment loads on the horizontal tails and the vertical tail. There are provisions to
compress the ground time histories in much the same manner based on relevant ground
maneuver parameters.,

The AMU will contain sufficient memory to retain 10 or more flights of Type 3 data,
depending on the flight maneuver activity. In the event that the memory cepacity is
reached, the oldest data in memory will be overwritten, The Type 3 data will be extracted
from the AMU by the MLV unit during the same 100-hour phased inspection as the Type 2 data
resulting in the capture of approximately 10 percent of flight activity on all F-16 C/D
aircraft.

The compressed time histories resulting from the Type 3 data collection will be pro-
cessed by revised lcrds prediction procedures for development of both airframe and land-
ing gear operationa. iocads spectra.

4.4 Engine Usage bData (Type 4)

The Type 4 data processed by the SAU and stcred in the AMU with the Type 3 data will
greatly increase the availa o e’ jine usage data over the methods employed in the original
F-16 FMP. The engire usage parameters will be expanded to include true freestream air
temperature, longit: inal acceleration, turbine fan RPM, and fan inlet temperature as
shown in Table 4.1.

The processing procedures for the Type 4 data will incorporate a floating aperture
algorithm for data compression similar to that to be used for the Type 1 data processing.
This will result in high resolution time histories of operational engine usage for sub-
sequent use in the development of operational usage spectra for the engine. The Type 4
data will be stored in the AMU aluag with the Type 3 data and will be extracted at the
same 100-hour phased inspection intervals as the Type 2 u.d Type 3 data.

4.5 CSFDR Incorporation

The incorporation of the CSFDR system on the USAF F-16 C/D aircraft will greatly
enhance the capabilities for monitoring operational usage in addition to providing the
information necessary for detailed and timely mishap investigation. Current plans
anticipate that the system will be available in 1987. Consideration is also being given
to the installation of the CSFDR system in other F-16 variations including a retrofit
of the system into USAF F-16 A/B aircraft,

5. CONCLUSION

The Force Management Data Package provided to the Uniced States Air Force for the
F-16 aircraft by General Dynamics is fulfilling the objectives of Task IV of the Ajir
Force Aircraft Structural Integrity Program. The data collection and data management
procedures for the Air Force to successfully manage the structural maintenance program
for the F-16 aircraft during operation of Task V are well established. The future
F-16 Force Management Program will provide increased capabilities to monitor force
operations and information for structural maintenance planning,
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US ARMY HELICOPTER OPERATIONAL FLIGHT LOADS
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Harold K. Reddick, Jr.
Applied Technology laboratory
US Army Research and Technology Laboratories (AVSCOM)
Fort Eustis, Virginia 23604

SUMMARY

The evaluation of fatigue critical components of the helicopter requires a well
defined mission loading spectrum which Qirectly depends upon the actual operational
usage of the helicopter. The US Army began concerted efforts in 1964 to acquire
realistic service usage data for their operational helicopters. Initial measurement
programs were made on aircraft operating routinely within the US. These efforts were
subsequently extended to include helicopters performing combat and support missions in
Vietnam, cold weather operations in Alaska, and nap-of-the-earth (NOE) training missions
at Fort Rucker. 1In addition, a comprehensive Operational Load Survey was conducted to
acquire detailed knowledge of the rotor aerodynamic environments and structural dynamic
response simultaneously. The Army's most recent effort in flight loads monitoring has
been the development and demonstration of the Structural Integrity Recording System
(SIRS) which includes an airborne microprocessor based recorder, a portable flight line
retrieval unit, and a data processing package.

This paper highlights the findings from the Army's helicopter service usage progrums
and the Operational Loads Survey program and describes the development and capability of
SIRS.

INTRODUCTION

In order to determine the useful life of any aircraft, or the fatigue life of any
component, three factors must be known. They are: (1) fatigue strength, (2) fatique
loads, and (3) the frequency of occurrence of these loads. These factors, when used in
conjunction with a cumulative damage fatigue theory, result in the prediction of the
fatigue life for structural components. The fatigue strength of the structure is deter-
mined from laboratory testing. The fatigue loads that the structural components will be
subjected to in service are determined a short time after construction of the helicopter
by conducting a flight load survey. Here, the helicopter is heavily instrumented and is
flown to the various flight regimes specified in the design mlssion spectrum. The
corresponding loads for each regime are measured. The third major factor, loading
frequency of occurrence, is established initially from a specified mission profile
generated generally by the procuring agency or the contractor. The mission profile,
which is sometimes referred to as a flight or mission spectrum, is defined in the ideal
sense as:

"The most representative history of ground and flight conditions
tHat a given vehicle will encounter during its lifetime."

The ground and flight conditions encompass variations and combinations of aircraft

physical parameters such as external configuration, weight, and center of gravity:

£light parameters such as airspeed, altitude, rotor RPM, and engine torque; and any .
other parameters such as gust loading spectra, which affect the lifetime of the !
helicopter structural components. This specified profile may be developed from any of

several data sources that include statistical surveys conducted on similar operational

helicopters, discussions with pilots and helicopter users, and anticipated scenarios in

which the system being developed will be used. The loading frequency of occurrence can

only be determined once the helicopter is fielded. Because of the various, frequently

changing roles that the helicopter is required to perform, it is this load frequency of

occurrence spectrum that is oftentimes the key variable of uncertainty for establishing

structural component fatigue lives.

Fatigue-related problems associated with the helicopter differ from those agso- %
ciated with fixed-wing aircraft, by virtue of the rotating wings that produce inherent
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cyclic loads throughout all components of the
system. Figure 1 shows a typical comparison of
the stress histories for a transport helicopter
blade root end and that for a typical commer-

cial transport wing root. The helicopter dyna-
[l T IND A
&:ﬂ:‘mmﬁ:ﬁ (\:u( 0A0NG mic components tend to be loaded at frequencies
* 76, + 1o, 3,000 CYCLES /HOUR that are multiples of the rotor speed--
o typically 2 to 20 Hz. This loading represents

- 7 million to 70 million cycles per 1000
MME ——e operating hours. Thus, these components
T-—- experience a much higher frequency of cyclic
!
GROUND AR GOUND
cras

STRESS

loading, but with a narrower spread of the
loading, than the fixed wing aircraft
TRANSPORT AIRPLANE WING X001 component. Both fixed-wing and rotary-wing
TYPICAL FREQUENCY OF CYCLK LOADING componente are subjected to ¢round-air-ground
100 10 1000 CYCLES/HOUR cyclic loading. Tha problem of fatigue and
l structural intec-ity has continually grown in
importance as demands for extended helicopter
service life, increase? operational perform-
Figure l.* Typical Stress Spectra ance, and the severity of operating conditions
for Rotary-Wing and have increased.
Fixed-Wing Aircraft.

Tne Applied Technology Laboratory (ATL), of the US Army Reasearch and Technology
Laboratories, Aviatlon Systems Command (AVSCOM), has had a long history of neasuring
flight loads on operational helicopters. Recognizing an inadequacy in des.gn criteria
and specifications for the Army's aircraft, ATL launched a program in 1964 to obtain
realistic mission and load spectra for the Army's operational aircraft. As a result,
operational flight loads have been collected for several helicopter types in varied
environments.

The oscillograph has been the primary znd most successful means of recording these
data. The SIRS has been developed for tracking the fatigue accumulation on helicopter
structural components while at the same time providing useful information on the heli-
copter's operational usage. The SIRS provides a feasible flightworthy microprocessor
system, capable of storing and processing large quantities of data in solid state memory
with total automation.

This paper presents an overview of the US Army's work in operational flight loads
technology, including highlights from helicopter service usage programs and the
Operational Loadr Survey program, and describes the development and capability of SIRS.
Recommendations are made for needed future work and technology thrusts in this area.

REQUIREMENTS

The overall requirement for a comprehensive flight loads program lies in the need
to be able to identify and record damaging flight regimes and to estimate how much fati-
gue damage has degraded component life during normal operations. This information can
then be used to provide a safer environment and, in some instances, lonrer usable life
of the aircraft a«i its subsystems. The identification of damaging flight regimes must
rely on some mear. of flight measurements, the analyses of these measurements, and
extended interpretation based on siatistical practices.

Structural design criteria and military specifications that are peculiar tc the
varied missions performed by Army aircraft are necessary to assure procurement of
aircraft that vill satisfy the mission requirements of the Army and assure satisfactory
service throughout their useful life. Historically, Army helicopters have been designed
to mission prefiles based on one or several sources that included existing military
specifications such as MIL-S-8698 and AR-56, FAA specifications such as CAM-6, and
contractor established specifications. The operational flight loads surveys conducted
by ATL especially emphasized certain shortcomings of these specifications to represent
the actual loads and flight spectra of the Army's helicopters in the field. The more
.zcent procuraments, the UH-60A (BLACK HAWK) and the AH-64 (APACHE), were aesigned to
specifications specifically written for these aircraft, based on the flight loads data
base established by ATL with the operational measurements, combined with expected
mission profiles defined by the Army.

ATL, APFROACH

The US Army har engaged in programs dire.ted at the measurement and evaluation of
the operaticnal usage of its helicopters since 1964. The general objective of these
programs has been to measure flight parameters und loads incurreu by operational
aircraft in order to better define holicopters' operational usage and associated flight
load spect.um, thereby permitting improved design criteria and specifications, and a
more reliable estimate of dynamic component fatigue life. In addiiion, the usage
programs provide data for establishing the mission profile for a given type of aircraft
and define the relationship of the recorded operating apectrum to that used in the
initial design of the helicopter. Table 1 summarizes the usige programs. Initial
measuremencs, documented in References 1 through 3, were made on aircraft operating
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TABLE 1. US Army Helicopter Service Usage Measurement Programs

NO. OF FLIGHT

MEASUREMENT PROGRAM ;150 xpr MoURS 65 66 81 $868 1610 1273 1075 16 12 10 19 1 &1
cH-a7a lllil{ll‘l LI I

CAREO AND LRANSPORT, S0 ¢ 0 Lo

CALES AN’ TRANSPORT, SEA ' 25 I

ADKER £ 4D ATMIRED, SEA v lm iy | |
cH-340 [ }

CALEE AXD TRANSPURI, U5 3 m : - H

CARGE AND FRANSPORI, SEA 3 n I -
OH.4A [ |

CONBAT 4BSERVATION, SHA 3 us Ly m
UH-IB/H 1o

CORUAT TRAININS, ¥S4 ¢l (w0 1

CONBAT BPERATIINS, SEA 3 | I ! L 1

WIILTY SPERATIONS, ARCHS ? n A |

SHLITY SPERRTIONS, ARCIIE 1 " [ ]

NAP OF-TREEARTN TRANING, ¥Sk{ ) " bl [ ]
AH-10/8 : [ : }

CONBAT BPERALIONS, SEA 5 m I -

OPERATIONAL LOADS SURYEY, WSA| 1 n : H : n

$IRS EYALUATION. WSA " W ! i

AR RENEEN| ||ﬂ|

within the Continental United States and were subsequently expanded to include helicop-
ters performing combat missions in Southeast Asia (Vietnam), References 4 through 9,
cold weather cperations in Alaska, Reference 10, and NOE training at Fort Rucker,
Alabama, USA, Reference 11. The flight loads investigations on helicopters in Scutheast
Asia (SEA) prcvided significant information of the operational usage of these helicop=-
ters in a combat environment and enabled comparisons with the same helicopters in a
peacetime or simulated combat envircnment. Operational usage data have been collected
for the following class-model helicopters: trangport - CH-47A, crane - CH-84a,

utility -~ UH-1H, attack - AH-1G, and observation - OH=6A. They are shown in Figure 2.
The helicopters were instrumented and an cscillographie recording system was installed

e S PRI A W

ERCINERLCS o3

Y R A
RSO 5 L

C o UHAH

B { ALt 2y
5?5{-}%& 3;%3_ T
= SRY S

A
Ve e s
Pors ,

s AR el y T :

i rService- ..
g ;,\,v PRI I W'Y
Capadery m. > . ;

rOgram.
[ P -AAIE A

LRSS

.t e, !

2 aridt s
:‘QZ.A- EEH D
s e vl
A )VM;'\"

o Xl
] %

“‘t‘-,"’.i’:“‘&,"'» PR TR ?;.. o,
F N B
Y

NGEIR S

Y,

» e
T

AR
e B
PRRL

R o X
s ,'r.\'%“{(
MRS KT
ﬁ-»"x 2 l 2‘,%;
7 i AT

ARG R 3R i

“ysu~2 2. Operational Helicopters for Measurement Programs.

B e B . .- e - — .-

e

.




P T - R — T T

e e o

o

FYPR.

w2

11-4 '

to measure the parameters denoted in
the Appendix. After each recorded
flight, a field technician, zided by
the piloc, filled out a special form to
log the supplemental data needed to
process th» oscillogram data. Such
additional information inciuded:

(1) the flight date, (2) helicopter

configuration, (3) mission type,

(4) airspeed and rotor rpm at certain

MAGNETIC check points, (5) takeoff elevation,

CREW/TECHNICIAN TAPE (6) barametric pressure, (7) tempera-

>\ REPORT ture, (8) base location, (9) time,

\ (10) fuel weight, and (11) armament
FLIGHT weight. Items 8-11 were recorded for

RECORD both takeoff and landing conditions. In
addition, the field technician logged
!L the serial number for each transducer
8o that the calibration data could be

ON - SITR correlated with the recorded data
QUICK LOOK AND EDITING during final data processing. The data
(SERVICEABILITY/SUITABILITY) recording reduction process is depicted
1; in Figure 3.
The AH~-1G Operational Loads Survey
(ngggalg:ﬁgggtx‘on) CALIBRATION (OLS), Reference 12, was not directed
DATA specifically at defining service usage,
u METHODS & but rather entailed a comprehensive
PROCKDURES flight test program to acquire detailed
l, DATA ANALYSIS knowledge of the rotor aerodynamic
environments and the attendant struc-
JL tural dynamic responses simultaneously.
In the process of these measurement
programs, a large operational usage
' COLLATION & REPORTING —' data base has been established, various

methods of recording and techniques of
analyzing the data have been evaluated,
and the results have been applied to
Figure 3. Data Recording and Reporting new analysis programs for improved
Process prediction capability.

The measured data from the operational usage measurement programs were processed
and analyzed according to distinct flight phases termed mission segments. Data were
also reduced and presented in the form of time and occurrence tables, histograms, and
exceedence curves. The tables give the time spent or number of parameter peaks
distributed among the various combinations of parameter ranges; the histograms show the
percentage of flight time spent in selected ranges of the flight parameters; and the
exceedence curves indicate the number of hours required to reach or exceed specific
parameters.

As operational flight loads data from the measurement programs became available,
the studies in References 13 through 15 were performed to analyze these operational
data, assessing how they differed as a function of theater of operation and miswion
assignments, how they varied from the design fatigque spectra, and what effect these
variations have on the lives of helicopter fatigue critical structural components. The
results which characterized the helicopter usage profiles were quite instrumental in the
formulation of the mission profiles for the Army's new helicopter system developments,
the UH-60 and the AH-64, as attested to in Reference 16. However, most of the
ass’ ssments within these studies on changec in fatigue lives tended to be qualitative,
e.y., "it must be concluded that components on the armed/armored helicopter would have a
significantly shorter fatigue life than identical components on the cargo helicopters.”

In 1972 the US Army contracted the Reference 17 through 20 studies, authorizing
each of four US helicopter manufacturers to analyze the available operational data on
their specific aircraft and to develop and update utilization spectrum with which to
compare against the design spectrum. This updated spectrum was ultimately used wy each
manufacturer to predict critical structural component fatigue lives Zfor compariscn
against those predicted by the original spectrum. Each manufacturer found it necessary
to make assumptions in converting the operational data to a format appropriata for his
respective analysis. The studies clearly demonstrated that the measured operati.nal
data were not amenable for direct use by the fatigue analyst in determining the uffects
of various operational environments on fatigue-critical components, because the
frequency and sensitivity of all damaging flight conditions were not identifizble. As
a result of this conclusion, the Army initiated the Reference 21 study of methods for
monitoring and recording the in-flight operation of helicopters for specific assessment
of fatigue damages to the.r structures. Four in-flight monitoring systems were .val-
uated and the recommended approach was a flight condition monitoring method wuich .
records parameters to identify a fairly large number of flight conditiong upon which
fatigue damage assessment is based. Development of a flight condition monitoring N
method, or SIRS as it is termed, bec»n in 1975 and has been used to monitor service
usage of the G and S models of the AH-1 helicopter.
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USAGE MEASUREMENT PROGRAM RESULTS

Flight profile data from each of the operational usage surveys categorize the total
flight time into four basic mission segments: (1) takeoff and ascent; (2) maneuvering:
(3) deacent, flare, and landing; and (4) steady state. These mission segments are
defined in Reference 5 as follows:

"During the first three mission segments which comprise the transient part of
flight, the stick position traces seem to deviate, while the airspeed and altitude
traces manifest frequent changes. Mission Segment 1 (takeoff and ascent) includes not
only the takeoff and climb to the initial steady-state altitude but also the steady
ascents to other steady-state altitudes. Mission Segment 2 (maneuvering) consists of
any transient parts of the flight which are not characteristic of Mission Segments 1 and
3. During maneuvering, the normal acceleration trace is usally very active. 1In addi-
tion to the unsteady part of flare and landing, Mission Segment 3 (descent, flare and
landing) includes the unsteady part of any descent whether intended for a new steady
flight altitude or for landing. Mission Segment 4 (steady state) includes those parts
of the flight where the stick traces are relatively steady and where the airspeed and
altitude traces are steady or changing smoothly. Such characteristics prevail during
cruise, hover, steady ascent, and descent.”

Oftentimes the usage measurement data trends for key mission segments and flight
parameters deviate from those specified or developed for the design spectrum. Caution
must be exercised, however, in reaching conclusionc on component fatigue life changes
based only on certain segment or parametric variations--all variations must be con-
sidered. This is best illustrated by the Reference 18 study wherein select dynamic
component fatigue lives for the AH-1G helicopter were calculated using a mission profile
based on SEA operations and compared with those determined using the original frequency
of occurrence spectrum. The findings were:

"Although there were some relatively large modifications in some areas of the
spectrum, the net effect on the resulting fatigue life was not significant. This is
attributed to the fact that even though some of the individual changes seemed rather
drastic, they tended to compensate for each other. The changes in mission segments,
wherein the time spent in level flight was reduced znd the time spent in maneuver was
increased, would lead one to expect a reduction in fatigue life. However, this was
apparently compensated for by the reduction in severity of the airspeed distribution,
since the oscillatory loads are strongly dependent upon airspeed."

A short summary of each of these major measurement programs is presented in the
following sections, catagcrized by aircraft.

CH=-47A Chinook

The twin-tandem CH-47A Chinook helicopter was designed to meet the US Army medium
lift requirements as a personnel transport and cargo carrier. The helicopter is a twin
turbine engine, tandem rotor mediun-lift aircraft with a design gross weight of 28,500
pounds. Cargo can be transported either internally or externally. Flight service usage
evaluation programs have bean conducted on the CH-47A flown in three different mission
assignments. Two of the missions were flown in SEA under actual combat conditions, one
as an armed/armored helicopter, Reference 4, and one as a cargo/transport helicopter,

Reference 5. The third mission was flown as a cargo/transport helicopter during simu-
lated maneuvers in the United States, Reference 3.

Figure 4 presents, for each of the three CH-47A measurement programs, the
percentage of the total time in each mission segment and compares it against the profile
from CAM-6, Reference 22, and the contractor's original design profile for the CH-47A,
Reference 24. The mission segment breakouts for the two cargce/transport helicopters are
generally in close agreement. Variations in the maneuver and descent segments may be
due to the normal scatter that can be expected with this type data, or could possibly be

due to variations in factors associated with operating in friendly and hostile environ-
mentsa,

The mission segment breakout for the armed/armored CH-47A operating in SEA varies
considerably from those obtained for the cargo/transport helicopters. The high percen-
tage of time spent in the mancuver segment, which is essentially unsteady forward flight
at fairly constant altitudes, reflects the unsteady nature of the gunship's mission
assignment in supporting ground operations.

Comparison of the empirical mission profiles based on CAM-6 and the CH~47A design
spectra shows higher steady-state time percentages than are revealed from flight-
measucred data. The percentage of time in ascent and descent is consistantly higher for
all three flight measured programs. The design profiles show signi€icantly lower
maneuver time percentages than measured for the armed/armored mission helicopter.

Cumulative frequency distributions for airspeed, gross weight, altitude, and
vertical load factors based on measured data from each of the thres service measurement
programs is presented in Figure 5. Airspeed distributions are expressed as a percentage
of Vp, where Vp is defined as the maximum attainable level flight velocity considering
gross weight, usable power, blade stall, and structural limitations. Comparison of the
cumulative airspeed frequency distributions shows that the SEA armed/armored and the USA
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cargo transport helicopters spent greater percentages of time at higher airspeeds than
the SEA cargo/transport helicopter. The variations between the USA and the SEA
cirgo/transport aircraft may be influenced by geographic and climatic conditions as well
as by the change from a friendly to a hostile environment. The cargo/transport helicop-
ters spent more time at the lower airspeeds than the SEA armored/armored helicopters.
Finally, the maximum airspeed attained by the SEA armed/armored helicopter was higher
than that attained by either of the cargo/transport helicopters. A comparison of the
flight~measured airspeed spectra with the CAM-6 spectrum reveals that the CAM-6 spectrum
is in fairly close agreement with the data for the USA cargo/transport und the SEA
armed/armored helicopters. The fatigue spectrum, upon which the CH-47A was originally
designed, is not in very good agreement with flight-measured data.

Little similarity is noted in the cumulative gross weight frequency distributions
for the three CH-47A mission assignments, particularly between the cargo/transport and
the armed/armored helicopters. The SEA armed/armored helicopter spent 90 percent of the
total time at gross weights in excess of the 28,500 design normal gross weight, whereas
the SEA and USA cargo/transport helicopters apent 10 percent and 7 percent,
respectively, of the total time above this value. The specialized nature of the SEA
armed/armored helicopter's mission requires it to carry a considerable amount of
attached armament and armor to and from the target area. The weight variations
occurring during the mission would be due only to fuel, oil, and ammunition expended.
The cargo/transport helicopter, however, would be loaded with troops or cargo either on
its way to or returning from the target area, but usually not in both directions. Thus,
the percentage of time spent by the cargo/transport aircraft at the heavier gross weight
would be expected to be considerably less than those spent by the armed/armored
aircraft. Differences in the cumulative gross weight frequency distributions for the
two transport/cargo helicopters may be due, in part, to operational environments.
Possibly, operations in a friendly environment would not be as efficiently performed as
in an unfriendly one, or the need to carry higher payloads in the USA cargo/transport
helicopter would not be as urgent as it would be in the SEA cargo/transport helicopter.

The cumulative altitude frequency distributions show that the two helicopters
operating in SEA generally flew at higher density altitudes than did the cargo/transport
helicopter flying in the USA. This is primarily due to the higher elevations of the
flight terrain and the relatively higher temperatures prevalent in the area of operation
in SEA. Conjecturally, another contributor could be that helicopters flying over
terrain where enemy ground fire may be expected would fly at higher altitudes to avoid
this danger.

The flight load spectra data in Figure 5 for vertical load factors are expressed
as "at or above" (rather than "at or below") cumulative frequency distributions because
the occurrances were summed cumulatively starting at the largest absolute value of load
factor. The vertical load factor distribution for the three CH-47A mission assignments
show a degree of variation of the positive vertical load factor data, particularly
between the two cargo/transport and armed/armored aircraft. The negative load factor
data are quite uniform. The higher vertical load factors and the higher frequencies of
occurrence experienced by the armed helicopter are not surprising, and it would also be
anticipated for this aircraft would be flown in a more erratic manner. It would also be
expected that the frequency of occurrence of the higher negative load factor peaks would
be greater for the armed aircraft than for the cargo aircraft. This, however, is not
evidenced by the data available.

Comparison made in Reference 14 of the frequency of occurrence of maneuver and
gust-induced vertical load factors revealed that the gust-induced vertical load factors
encountered by a helicopter are only a small percentage of the total load factor
experience. For example, the number of maneuver induced vertical load factor peaks
experienced per thousand hours at Any = .4g or greater is approximately 1010 for the
SEA armed helicopter. The number of gust-induced vertical load factor peaks is 4, or
.39 percent of the total factor experience. Vertical load factor-airspeed trends
examined in Reference 14 show that for both the cargo and armed helicopters load factors
were most frequently encountered in the 65-knot to 100-knot airspeed range, rather than
at the lower or higher airspeeds.

Reference 19 cites the applicability of this operational usage data in the CH-47
development:

“Operational use of the CH-47A as compared to the design mission profile led
directly to the rework of the forward and aft rotor shafts and contributed to reduced
retirement lives for several dynamic system components. Exceedence of the airspeed
limitations of the operator's manual is cited as the principal cause of the reduced
fatigue lives. The experience gained in evaluating the operational use of the CH-47A
helicopter was used in the development of the CH-47B and CH~47C models. The structural
performance of the growth models shows a great improvement over the CH-47A, at least a
part of which should be attributed to the CH-47A operational experience. No operational
survey has been conducted on the B and C mciels however, so the adequacy of their
mission profiles cannot be evaluated.”
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CH-54A Tarhe

The CH-54A helicopter is a twin-turbine engine, six-bladed single-rotor, heavy-lift
aircraft having a design normal gross weight of 38,000 pounds and a design maximum gross
weight of 42,000 pounds. The helicopter is configured to carry heavy, outsized payloads
or special purpose vans or pods from either a single-point or four-point suspension
system. Twenty thousand pounds can be carried with the winch locked at a selacted cable
length. The four-point system uses four 6000~pound-capacity hoists mounted at hard
points on the side of the fuselage. Helicopter crew consists of a pilot, a copilot, and

an aft-facing hoist operator.

The operational data base for the CH-54A resulted from two measurement programs =~
one during simulated ~ombat maneuvers at Fort Benning, Georgia, USA, Reference 2, and
another during actu ' ‘ombat missions in SEA, Reference 7.

Figure 4 presents design and operational mission segment data as bar charts showing
the percentages of time spent in each of the four mission segments: ascent, maneuver,
descent and steady-state. The individuality of flight spectra and the importance of
mission assignment in establishing the character of f£light spectra become apparent when
comparing the SEA and USA operational data. Only the percentages of time spent in the
maneuver segment. are comparable. For the other segments, the percentages of time
corresponding to the actual combat mission versus the simulated combat mission are 42
percent versus 79 percent for steady state, 26 percent versus 7 percent for ascent, and
31 percent versus 12 percent for descent respectively. 1In this case the predicted simu-
lated combat mission assignment flown in the USA was not indicative of the experience
that prevailed in actual combat. Comparison of the flight measured mission segments
with the emperical design mission profile reveals fair correlation between the data from
USA operations and the design profiles. However, the data from SEA operations shows
poor correlation with the design profile: the steady-state percentages from operational
data is only approximately half that of the empirical profiles and the ascent and
descent segments from operational data are considerably higher the respective segments
of the empirical profile.

The flight spectra data for the SEA operations were divided into samples of 203 and
207 hours to examine the effects of sample size on the resulting flight spectrum. The
percent deviationa from the mean for the two data samples are :.12 percent for ascent,
$,15 percent for maneuvers, $3.1 percent for descent, and %2.9 percent for steady state.
These deviations are not zonsidered excessive, in that the combat situation, and thus
the flight spectra, encountered from day to day or over a period of time could vary
significantly due to changes in objectives or tactics, or fluctuations in weather

conditions.

Cumulative frequency distributions for airspeed, gross weight, altitude, rotor
speed (RPM), and vertical load factor, based on measured data from the usage measurement
programs in the USA and SEA, are presented in Figure 6. Analysis of this data is
presented in the following paragraphs.

The cumulative airspeed frequency distributions show that the CH-54As in the SEA
theater spent 45 percent of their time at airspeeds between 67 and 100 percent Vp,
wherein those in the USA spent over 55 percent of their time in this airspeed range.
The distributions for the two SEA samples showed close agreement. The SEA flight
measured airspeed spectrum compares quite well with the CAM-6 gpectrum over the major
portion of the airspeed range, deviating somewhat at the low ard high airspeeds. The
CAM-6 spectrum underestimates the percentage of total mission time at airspeeds below
the 50-percent Vp value and overestimates the time spent above the S0 percent Vp value.
The USA flight measured airspeed spectrum does not show as close correlation with that
from CAM-6. The CH-54A fatigue spectrum, on the other hand, does not compare as
favorably with either the USA or SEA flight measured data, showing only reasonable
correlation with the SEA operational data at high airspeeds above 80 percent Va, and the
USA operational data possibly at low airspeeds below 30 percent Vj.

The cumulative frequency distribution for gross weight showed the SEA helicopters
to spend a greater percentage of time at lower gross weights. At the high gross
weights, the SEA and USA helicopters spent 10 percent of the time in excess of the
design normal -alue of 38,000 pounds. The USA helicopters were operated at higher
weights. The difference in overall distributions could be due in part to operational
environments and missjion assignment. The exceedance in design normal values would be
expected to be just the opposite of +hat shown, in that it would seem as though for the
CH-54A operating in a friendly environment the transport of cargo in excess of design
values would not be done as frequently as for the CH~54A in a combat environment.

The cumulative ro’~¢ speed frequency distribution developed from the rotor RPM
histogrars for the SEA CH-~54As shows that the spread of normalized rotor speed was .97
to 1.05 of the lu0-percent rotor RPM value. Figure 6 shows that the large majority of
total mission time, 76 percent, is spent above the 110 normalized rotor speed value.
fhe CH-54A flight manual specifies that operation at rotor speeds between 100 and 104
percent is permitted out not on a continuous basis. Thus, the operating rotor spezd
data shows that during large portiions of the total mission time both aircraft were
operated at rotor speeds exceeding the limits recommended in the flight manual.
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' Figure 6. CH-54A Cumulative Frequency Distributions for Gross Weight,
‘ Altitude, Rotor Speed, Vertical Load Fac*or, and Airspeed.
Altitude distributions for the CH-54A in SEA showed that although flight altitudes
: as high as 10,000 feet were experienced, less than 5 percent of the total migsion time
! was spent above 8000 feet. About 25 percent of the total time was spent at altitudes
between 4000 and 8000 feet, and 60 percent of the time was spent between 2000 and 4000
feet. Altitudes below 2000 feet accounted for less than 9 percent of the mission time.
Trends for USA operations were similar. Comparison of the altitude distribution of the
CH-54A to those of the AH-1G and OH-6A operating in SEA shows the CH-54A to have a con-
sistently smaller cumulative percentage of total time from 1000 to 10,000 feet. This

indicates that the CH-54A spent a greater percentage of its time at higher altitudes.
This is likely due in large part to the mission differences hetween the aircraft. Also,
flying over terrain where enemy ground fire might be expected, the CH-54A would normally
cruise at higher altitudes to avoid this danger.

The vertical load factor frequency distributions for the USA and SEA mission

assignments show a degree of variation for both positive and negative values. Higher
i- vertical load factors and higher associated frequency of occurrence were experienced by
the CH-54A in the USA theater. For both the SEA and USA missions, the incident and
magnitude of positive vertical load factor peaks are higher than for the negative ones.
The data shown includes both gust- and maneuver-induced load factors. However, the
gust~induced vertical load factor peaks did not exceed *.3g and their frequency is a
factor of 20 less than maneuver induced. In addition to the gust- and maneuver-induced
vertical load factors, a hoist segment was added to SEA operations to study the acceler-
ations encountered by the helicopter during either a cargo pickup or cargo drop while
the aircraft were hovering. A high incident of vertical load factor peaks were measured
in hoist operations. The data should be used with caution, however, because the period
of the data sample is small. The data, nonetheless, does tend to suggest that higher
vertical load factor peaks were experienced during hoisting than during normal filight
maneuvers. The incidences of vertical load factor peaks encountered within a given
airspeed range were investigated for the CH-54A in SEA. The following trends were
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noted: the greatest number of positive vertical load factor peaks of An, = +.3g or
greater occurrzd within an airspeed range of 0 to 40 knots and 70 to 100 knots; only a
smali number of lower magnitude vertical load factor peaks occurred above 100 percent
Va: the maximum vertical load factor peak did not exceed any = +1.0g or =-0.5g.

UH-1H Iroquois

The UH-1H "Huey"” is an all-metal, single-engine helicopter having a design maximum
gross welght of 9500 pounds. A single, two-bladed, semi~rigid teetering main rotor
provides lift, and a two-bladed, semi-rigid, delta-hinged tail rotor provides antitorque
and directional control.

A large data base has been acquired on the UH-1H helicopter in various programs,
including training activities for combat assault and NOE in the USA, actual combat
missons in Southeast Asia, and cold weather operations in the Arctic. The early combs
training in the USA was actually conducted with a UH-1B, but will be included here for
discussion purposes. Four basic missions were flown in SEA: combat assault, direct
combat support, command and control, and passenger transport. Only the combat assault
missions can be compared to the similar measurement programs in SEA for the AH-1G, armed
CH-47A, and the UH-1B since those misions include operations in a hostile environment.
The other missions of the UH-1H in SEA were primarily non-hostile operations consisting
predominately of resupply and personnel transportation. The percentages of the 249
missions flown in SEA are as follows: combat assault, 16.5 percent; direct combat
support, 71.1 percent; command and control, 8.4 percent; and passenger transport, 4.0
percent.

Multi-channel flight data were recorded on two UH-1H helicopters operating from
Fort Greely, Alaska. Data were processed and analyzed by two different technigques, the
Four Mission Segment technique and the Flight Condition Recognition (FCR) technique.
The Four MYission Segment technique is the same as that used to process the helicopter
operational usage data in Southeast Asia. The FCR technique processed the data
according to the occurrence of 20 different flight conditions within seven mission
segment- (1) ground operation, (2) hover, (3) ascent, (4) level flight, (5) descent,
(€) tra tion and (7) autorotation. The FCR technique, which is basically the FCM
concept discussed in the section on monitoring systems for fatigue damage, provided more
detailed results and better resolution of the operational usage than did the Four
Mission Segment technigue. Significant fatigue-damage manuevers were more easily
identified, and the manuever-induced normal load factors and their duration were better
defined. A comparison of the Arctic UH-1H data with the Southeast Asia UH-1H data, both
processed using the Four Mission Segment technique, showed that the Artic data had
greater amounts of time at higher values of airspeed, gross weight and engine torque,
and lesser amounts of time at equivalent rates of climb and descent.

Figure 4 is a comparison of the operational data and fatigue spectra for the UH-~1B
USA, and the UH-1H SEA and Arctic measurement programs. This figure indicates very
poor correlation with the design fatigue spectrum obtained from Appendix A of CAM-6,
Reference 22. The greater percentage of maneuvering flight for the UH-13 USA measure-
ments may be attributed to the training nature of the flights. For example, there were
58 practice autorotational landings performed. On the basis of this comparison, it
appears that these gathered data further demonstrate the individuality of flight
spectrum data and the importance of mission assignment in establishing the
characteristics of the operational usage sgpectrum.

Figure 7 compares the cumulative airspeed frequency distribution for the Arctic
and Southeast Asia UH-1H measured data with those for the CAM-6 spectrum and the UH-1H
design fatigue spectrum. Except for the higher Arctic data curve at higher airspeeds,
the two curves have generally the same shape. Below 75 percent Va, the measured Arctic
data is in fair agreement with the two spectra curves. However, for the Southeast Asia
data below 85 percent Vp, the agreement is poor. If it is assumed that most Of the
fatigue damage occurs at higher airspeeds, then the CAM-6 and UH-1H design fatiguc
spectra are not necessarily conservative with regard to this parameter.

The comparison of the cumulative grcss weight frequency distribution for the Arctic
UH-1H data and the SEA UH~1H data is also shown in Figure 7. The shape of the two

N curves closely agree. The Arctic data does indicate that about 4 percent of the flight
time was spent at gross weights above the design maximum. This high gross weight opera-
v tion may be attributed to the greater power available at the low ambient temperatures

and special mission requirements.

et

To investigate the effects of cold-weather operations on the loads of various
dynamic helicopter components, the component loads were plotted against main rotor tip
Mach number in Reference 10. An example plot is provided in Figure 7. This figure
indicates that the main rotor blade oscillatory bending moments in the cold weather
(~30°C) are much higher than those of the warm weather data (20°C). The beamwise and
chordwise oscillating moments of the main rotor blade increased greatly as the main
rotor tip Mach number increased. The high main rotor tip Mach numbers were a direct
result of the extremely cold environment. The increased oscillatory moments can be
explained by the aerodynamic compressibility effects on the rotating blade section,
resuiting in earlier separation of flow and a change in center cf pressure.
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Figure 7. UH-1H Cumulative Frequency Distributions for Gross Weight, Normal Load Factor
and Airspeed, and Blade Moment Versus Mach Number.

A UH-1H helicopter assigned to NOE training missions at Fort Rucker, Alabama, was
instrumented with an oscillograph recording system to update the usage spectrum in the
NOE flight environment. The data were processed by the FCR technique. Since helicop-
ters during NOE missions perform many transient manuevers, some parameters were
procesced as peaking parameters {parameter values exceeding a given threshold) and
others as excursions (specific parameter value changes, either increasing or decreasing,
within a specific time span). Exhaust gas temperature, rotor speed, and vertical and
longitudinal accelerations at the aircraft cg and the tailboom were processed as peaking
parameters, while forward airspeed and engine torque were processed as excursions.

Additional parameters are required to identify the slower speed manuevers typical
of those used in NOE missions. For example, pitch attitude aids the identification of
quick stops, and yaw attitude is a good indicator of pedal turns in hover. Terrain
clearance is also helpful in identifying pop-ups and bob-ups.

In general, it was fcund that the operational usage spectrum for the NOE mission
program flown in training at Fort Rucker is relatively mild in terms of Nz data when
compared with those derived from other measurement programs with a more conventional
mixture of mission types.
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AH-1G Cobra

The AH-1G "Huey Cobra" helicopter is a highly maneuverable, high-speed, single-
engine gun ship. It has a design grose weight of 9500 pounds. Deployed as a ground-
suppcrt weapons platform, the AH-1G has a controllable nose turret and two cxternal
store pylons. The crew consists of a pilot and a copilot/gunner.

Three AH-1G helicopters were instrumented and operated from bases in SEA to perform
a combat-zone flight loads program. Data were recorded, processed, and analyzed
following the Four Mission Segment technique. These data are reported in Reference 6
and indicate the time spent in the mission segments and parameter ranges: the number of
peak parametes values occurring in the ranges of the given parameter, during each of the
migsion segments, and in the ranges of cne or more related parameters; and the time to
reach or exceed given maneuver and gust normal load factors. 408 valid data hours were
recorded and separated chronologically into two data sets of about 200 hours each to
test the validity of 200 hours as an adequate data sample. The differences between the
two samples ware minor, and the two samples were observed to be similar in their distri-
butions of flight data.

The favorable comparison of the two sample sets is evidenced by the similar
contrasts of these percentages with those previously prescribed as a guide for the
expected distributicns of tne AH-1G flight time among the four mission segments.
Figure 4 shows the comparison of the operatiornal data with the fatigue sprectra. The
largest discrepancy is in the maneuver and steady-state segments. The differences are
ascribed to the fact that the anticipated sustained cruise to and from the target area
was higher than that actually measured in the data of most of the flights. The actual
combat data revealed that the AH-1Gs, while enroute to and from target areas, frequently
left cruise aititudes with abrupt ascents and descents for apparent searches of eneny
activity. Some of these departures were weapon passes; others were sufficiently
pronounced in parameter changes to be also classified in the maneuver segment.

The flight measured airspeed spectrum for the AH-1G helicopter is shown in Figure 8,

from Reference 15, with the correspsnding fatigue spectrum data used to estimate
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preiiminary service lives and the.airspeed portion of the CAM-6 spectrum. This
comparison shows that agreement is not very good. The flight measured data shows
considerably higher percentages of total mission time spent at Zow airspeed values than
predicted by either of the empirical spectra. If it is assumed that the majority of
comporient fatigue damage occurs at higher airspeeds, the AH-1G fatigue and CAM-6 spectra
are conservative since both predict higher percentages of time at the high airspeed
values than wer¢ actually recorded.

Flight altitudes as high as 15,000 feet were recorded, although the percentage of
mission time spent above 10,000 feet was insignificant. Over 99 percent of the AH-1G
total mission time was spent at altitudes of 8000 feet or leus while 82 percent of the
time was spent at altitudes batween 1000 and 4000 feet.

The gross weight frequency distribution shows that the slope of the total mission
curve is essentially constant at gross weight ratios greater than 0.875. This indicates
that the percentage of time spent within gross weight ratio intervals of equal magnitude
did not vary throughout the range of vaiues 0.875 to 1.0. The total ruange of normalized
rotor speed values was between 0.95 and 1.0 for over 95 percent of the total mission
time.

OH-6A Cayuse

The OH-6A is an all-metal, single-engine helicopter. It is powered by a turbine
engine driving a four-bladed main rotor and 2 tail-mounted antitorque rotor through a
two-stage, speed reduction transmission. The aircraft is equipped with shock-absorbing
landing skids. It has a design gross weight of 2400 pounds. Primarily an observation
aircraft, it is capable of carrying pilot and three passengers, cargo, or armament
subsystem. Two major configurations were observed during the recording period in
SEA: the "lead ship", identified by a pilot and two gunners each with an M 60 machine
gun, and the "wing ship", identified by a pilot and one gunner with an XM 27 minigun
mounted on the left side., The Four Mission segment technique was used to analyze the
216 hours of data that were recorded in SEA.

Figure 4 presents the percentage of the total time in each mission segment and
compares it against the contractor's original design profile for the OH-6A which was
CAM-6. The primary differences are in the maneuver and steady~state segments. Only the
ascent and descent segments show any degree of correlation. Comparing the OH-6A flight
measured distribution with that obtained for the AH-1G, it is seen that they are very
similar. Both the AH-1G and the OH-6A are armed, relatively lightweight helicopters
used in ground support operations during combat. It would therefore be expected that
the character of their flight spectra, in general, would be similar. The highest per-
centages of the total time were spent in the maneuver segment and vary only by approxi-
mately 3 percent between the two ships. Variations in the ascent and descent segments
are approximately 4 percent, while the variation in the steady-state segment for the
AH-1G and the OH-6A suggests that even though the general flight spectra characteristics
are similar, they exhibit sufficient individuality to preclude using the flight spectrum
of one to determine the component fatigue lives of the other. Since the flight loads
agssociated with maneuvers are, -n general, higher than those associated with steady-
state flying, calculated component service lives established from each of these two
helicopters could be higher than field experience justifies.

Figure 9 presents flight measured cumulative frequency distributions for airspeed,
gross weight, altitude, rotor speed, *orque, and vertical load factor for the OH-6A.
The OH-6A flight measured airspeed data do not correlate closely with the respective
fatigue spectra. The flight measured data show considerably higher percentages of total
mission time spent at the low airspeed values than predicted by the empirical spectra.
This same trend occurred with the AH-~1G SEA flight measured data. If 1% is assumed that
the majority of component fatigue damage occurs at the higher airspeeds, then the AH-1G
and OH-~6A design fatigue spectra should be conservative with regard to the airspeed
parameter.

Over 27 percent of the OH-~6A total mission time is above the design normal gross
weight; however, very little time is at gross weights in excess of the design maximum
value.

Flight altitudes as high as 10,000 feet were recorded, but the percentages of
total mission time spent above 8,000 feet were insignificant., The bulk of the total
time, 92 percent, was spent at the lower altitudes between 1,000 and 4,000 feet.

The range of OH-6A normalized rotor speed values was between 0.98 and 1.05 for
over 95 percent of the total mission time. A large majority of the total mission time,
97 percent, is spent above the 1.0 normalized rotor speed value. The OH-6A flight
manual states t¥at continuous operation at rotor speeds up *o 103 pescent is permitted.
From the figure it is seen that the OH-6A was operated at rotor speeds above the 103
percent value during 40 percent of the total mission time. Thus, the aircraft was
operated during a significant percentage of its total mission time at rotor speeds
exceeding the flight manual recommended limits.

Engine torque values were concentrated toward the high and of the torque range.
Values up to 113 percent of maximum were expesrienced for very short periods: however, 73
percent of the total time was spent at torque values from 60 to 90 percent of the
maximum allowable.
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The total incident of positive and negative load factors is approximately equal.
As with other helicopters, the incident of gust-induced verctical luad factor peaks is
much smaller than it is for the maneuver induced vertical locad factov peak and has
little influence on the exceedance curve characterictics. Although not shown in the
figure, the highest positive vertical load factor peaks were experieiced at airgpeeds
from 70 to 75 knots (60-64 percent Vp): the highest negative vertica. peaks were
experienced at airspeeds from 60 to 85 knots. Comparisons have been made to vertical
load factor spectra from a survey made on the Ofi-6A during simulated combat operations
in the USA., The OH-6A in SEA experienced both higher incidences and higher magnitudes
of positive vertical load factor peaks and a lower incidence of negative vertical load
factors peaks than OH-6A in USA operations.
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Figure 9. OH-6A Cumulative Frequency Distribution for Gross Weight, Altitude, Rotor
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AH-1G OPERATIONAL LOADS SURVEY (OLS)

The Operational Loads Survey {OLS) was unique as a flight loads survey and quite
different from all the others. The intent of the program was not only to measure loads
of critical components and count the number of flight parameter occurrences but to gain
experimental insight of rotor aerodynamic environments and structural dynamics of
helicopters through a comprehensive fljght test program of an extensively instrumented
AH~1G. A comprehensive data base was acquired of rotor aerodynamic forces, aeroelastic
loads, blade motions, acoustics, and the attendant responses of the control system and
airframe that result from flying operational manuevers. Continuous and simultaneous
data were recorded from 387 transducers for 224 different flight conditions. Flight
test conditions were chosen to ottain data over the maximum range of rotor loadings
possible within the cost and time frame restrictions. Over 72,000 separate variable
time histories were digitized and recorded on magnetic tape and made available through
an interactive computer program at the user‘'s command.
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Strain gages were used to measure blade bending moments and strain in mechanical
components such as the rotor shafi, pitch links, and blade grip. The blade was strain
gaged at ten radial stations providing complete distributions of beam bending, chord
bending, and torsion along the blade radius; 110 rotating pressure transducers along the
radius provide forces and moments experienced by the rotor. 1In addition, 35 accelerome-
ters were installed at various locations on the fuselage, rotor blades, and pylon. This
data base thus provides the unique ability to see complete maps of rotor loads and
simultaneous loads at other key locations on the helicopter airframe and control system
while the helicopter wus performing operational manuevers. The loads in the various
components of the aircrafr can be related to the manuevers, which may lead to a better
understanding of load spectrum definition and application.

A portion of this flight test was devoted to flying a spectrum derived for NOE
operations. The purpose of this NOE data acquisition and analysis was to determine if
the published recommended fatigue lives were reduced by NOE operations. The NOE loads
were compared to the existing TOW missile and in ground effect (IGE) manuever ioads
obtained from the AH-1F/S qualification loads surveys. All of the measured dynamic
parameters were reviewed and the NOE loads compared favorably with the published
values. As a result, it can he concluded that the NOE operation, as outlined in this
program, does not reduce the published retirement lives on the dynamic components of the
AH~1G helicopter.

The OLS data base has also provided the opportunity to conduct detailed correlation
of the experimental test data with various helicopter computer simulations. The
accuracy and limitations of the analytical models have been and are continuing to be
evaluated in order to provide the analyst with confidence in his ability to predict
loading conditions. Iliustraticns of these correlations are provided in Figures 10 and
11.
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MISSION PROFILES

Tie Reference 25 study develcved a standard mission profile for all classes of
helicopters. The profile is comprised of six mission segments, with each segment con-
taining basic (and ground) conditions under which the helicopter would be expected to
operate. Each basic condition may encompass several detailed flight conditions. For
example, the turn condition which appears in segments 2 through 6 may encompass right,
letyv, S, and steap turns with varying rates of entry and recovery. A main distinction
of the segments, ~ompared to those used in the measureme . programs, is that they do not
include a separate maneuver segment. This was dovre 1 recognition of the fact that
maneuvers d>ccur irn all phases of flight.

Mission profiles were developed for six helicopter types, based upon measured data
from operational usage programs. The profiles for four aircraft types are presented in
Table 2 and compared to profiles from CAM-6, AMCP 706-203, and AR~56. The profiles
prvesented from the specifications were not to tire same format as in the table.
Therefore, the basic conditiors of the three specification profiles were broken down
into conditions compatible with the developed profiles.

Ground Operat'~ns: The percentage values assigned to ground operations in the
developed profiles uce greate: than tlose from AR-56 =nd CAM-6. The specification
profiles consider ground conditions very generally, and it was difficult to establish
precisely what was classified ac a qgrouad condition. When the per<entage values
assigned to ground conditions were adapted to the standard profile format, the time
percentages for sp:cific conditions seemed low, especially when connected to units of
£flight time.

Takeoff, Landing, anc¢ low-Speed Flight: The developzd piot.!.3 compare reasonabl ;s
well with CAM-b6 ana AMCP /Ub-2U3. However, values from AR-56 a1 : consiaerably higher,
particula 1y for the utility- and attack-~-type helicopters. The major contributox to the
differences arsears to be the values assigred to steady hover. In many helicopter
operations stuady hover is & mcmentary flight condicion occurring pricr to the tran-
sition from takenff to forward flight. The exceptions are helicopters involved in load
lifting operations (crane) and stLationary weapons delivery f{attack). 1In the case of the
attack heliconter, .he derived profile was predominantl from SLA operations in which
Lhe operational tactice were unique to that theater and did not include mission assign-
ments, such as an antl .ank mission which would increase hover tiwme to be more commen-
surate with specification percentages.

Ascent Conditions: The developad profiles contai. -1 mere. time allotted o this
condition than specification p.ofiles. Operat.onal reports supported this.

Forward Flight Conditions: The specification ond devilopjed profile. >verall
compare closely for this sectient. The develon 2 profiles do show less ti .e in steady
level flight, transient conditions of acceleration and deceleration, and yawed flignt
and more time in turns than the specification profiies.
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Descent Conditions: The overall percentage times are comparable between the

referenced and developed profiles.

Autorotation: With the exception of CAM-6, the percentage of occurrence values for
the autorotation mission segnent for all the profiles compared quite closely.

Dirtribution <! load factor with airspeed, gross weight, und altitude was alrc
constructed for each developed profile.

TABLE 2. Mission Profile Comparis~n

AMGP Utituy Attack Crane T ransport
Condition CAM-6 706-203 AR-56 Derived AR-56 ODcrived AR-56 Derived AR.56 Lrrived
1  GROUND OPERATIIONS
A, dtartup 0.10 2 59 ¢ 10 0,50 010 0 5y 0,10 0 50 0 to 0 590
B Shutdown 010 1,29 ! 0.10 0 50 0.10 [ 1 9. %0 0 50 ol 0 50
C Ground run v.28 2,92 0 20 2 00 0,20 2.00 0 20 2 00 a2 20 2 00
D, Tax 48 10 048 _100 048 _LO2 _Os8 100 048 _Lf

0 96 T 80 0.88 4 00 0,38 4 00 o 38 4 00 0 88 40y

2 TAKEO, F/LANDING/LOW-SPEED
FLIGHT (<40 knots)

A, Vertcal liftoff 0,88 0, 40 0.58 158 0 58 022 31 ] 0.51 0 8 0.¢6
B. Rolling takeott 0. 40 0 26 0 40 1] 9,40 0 27 0 40 124 0 40 15}
C Vertical landing L3S 0 49 0§ 158 0 80 022 0 80 0,51 3 20 n 66
D, Slide-on landing .34 011 0 20 o 020 o 27 920 124 070 553
% Hover (steady) 0 45 3. 45 8 80 2,81 4,48 ¢ 69 1408 618 10 56 352
F  Hover control reveasals 124 0 07 0. I8 1} 0,29 0.25 073 ¢ #? an 9 4}
G, Hover turns 0 20 013 147 0 3t 959 0.2% 1 47 t sy I 47 12
H  Pop-ups o3 - - 2 0 02 9 48 - 0. - ]

I Sideward fhght 0 48 010 0,88 0,31 0,88 0.25% o.88 0 8- 0 87 0 43
J. Ruarward flaght 0 48 0,03 0 44 016 0 44 [ 0 44 06l 0 44 0 23
K Low-speed forward flight (a1r taxi) 170 $ 00 4 40 218 220 a1 352 L2 4 40 475
1. Flare 14 0 82 0 80 sy ¢ 80 0 48 080 3] 0 80 245
M, Verticsl climb 0 50 0 40 132 o 42 132 0 69 176 2 24 132 029
N Vertical descent 0,50 0 50 0 80 0 42 [ 1] 0 69 0 80 22 0 80 029
O. Lowsspeed turns 07 04y 119 04 20 08 _i1l0 o061 10 12

1168 1190 2272 1292 1580 453 2756 2089 .48 1921
3 ASCENT (>40 knots)

A Steady-atate clunb 5. 20 4 00 220 9 00 220 366 440 %9 220 9 8
B, Turns 2 00 0 40 110 2N 2 00 434 11 0 6% 110 039
C. Pushovers L2 00 __. 0¥ _ - LM _- 0 _ - &
4. FORWARD FLIGHT (340 knots) 740 4.45 330 1166 420 9 16 550 10 56 330 10 82
A Level flight (40, 60, 80, 100% Vy) 51,40 62 81 S5 85 3902 57,78 33,40 S0.17 47,58 55 19 46 28
B. Gurns 3,00 1,38 110 9?91 205 1t 65 110 302 110 34
C  Control reversais 1 44 0 06 0 $9 127 14 063 0 %9 1o 0 59 151
©. Pullaups 9 95 9.130 0 18 025 0 37 28 o1s 0 08 e 18 010
E. Pushovers 07 ¢ 12 - 003 - 28 - 0 - o0l

F. Deceleration 28 150 0,46 2,55 0 46 2 85 0 46 0 30 0 46 0

G Acceleration 459 1,62 1,10 258 0 44 2z ¥ 110 030 110 0
Yawed light L5 035 300 o34 304 05y 264 008 290 010
66,52 68 34 63 28 55 92 465 61 57 59 %5 24 51 43 61 52 51 43

S, DESCENT {power cn, >40 knots)

A Partial power descent (steady descent) | 40 434 4,89 526 4 90 221 4.89 9 10 4 82 797
b Dive (power on, 115 percent Vi) 300 12} 198 3 %0 2 64 34 198 008 198 2
C. Turns 1,50 07 b o 3 2 00 v 27 110 X ] 110 109
D, Polleups 091 039 001 017 064 _2a 00} 00 001 ooy

6,85 6.87 $00 1217 1018 1739 8 00 91 &00 21
6 AUTOROTATION (power off}

A Entries (including power chops) 14 0 02 0 03 0 39 0 07 0,39 0 03 039 0 03 0 3
B, Steady descent } 90 0 05 0. 88 1o} 1,76 I 63 0 88 103 0 88 163
C. Turns 0.40 0 04 0 3% 0 55 0,88 0 5° 0 36 [ 1] v 36 0 5%
D Power recovery 0 48 0.52 003 0 24 0 o7 > 24 003 024 M 024
£, Flare and landing 238 001 02 _s%2 026 05 o2 052 { + 0%

6,56 0 64 1.56 bR 3] 3.04 ¥’ 156 33 i 3’
R 3
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PEAK PARAMETER COMPARISONS

ER

LEEPES
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Table 3 presents peak parameter talues recorded in select operational measurement
programs for attack, observation, crane, and transport helicopter types. For compara-
tive purposes, peak values are also presented from the structural design criteria for
each helicopter. Except for the cargo helicopter, all measurement programs are
exclusively from SEA operations; the cargo helicopter included both USA and SEA opera-
tions. Except for a few specific peak loads, only approximate peak values could be
derived, since most of the recorded points represented ranges of the measured parameter,
making it impoesible to establish the exact peak value within the range.

TARLE 3. Peak Value Comparison - Design vs. Operations Data

ATTACK OBSERVATION CRANE TRANSPORY

"t [T [T sPERA
PARAMETER sesien | viemar [ oessen | neman ] eesien | tiomat | sesien | miomaL

AIRSPEED, KNOTS 22 1851130V 124-130/126.5V¢) 132) -
VERTICAL ACCEL, g

POSITIVE [2.43 | 24012.55 [2.20-2.402.26 150,270 { LIO
188wty
NEGATIVE | -0.50 ] ©.10]-0.50 | 0.0-D.20)-0.50 0.50|-3.56 | 0.20

ENGINE TORQUE
PRESSURE, PSI 62.5 [23-70]80.3 80-30 -

RPM

MAXIMUM | 356 351]514 430) 204 2031 - -
MINIMUM | 294 410 40| - -1-

GROSS WEIGHT, LB  ]9,500) 9,522 2,400 | >2,600|42,000| 44,008 - -

Of the maximum one-time values measured for the AH-1G attack helicopter, the gross
weight exceeded the value specified in the structural design criteria report, but by an
insignificant amount. Pilots and-observers in SEA report that the AH-1Gs frequently
took off with the maximum liftable weight. Because of the higher temperatures in this
operational theater and the associated adverse effect on helicopter power, there was
little opportunity to seriously overload the aircraft. Such may not be the case,
however, in a cooler environment. The maximum value for engine torque recorded was
greater than 60 and less than 70 psi, thus possibly exceeding the 62.5 psi structural
design criteria value. Based on other recorded parameters during this occurrence, the

most probable event was the requirement to take off over an obstacle under ~onditions
requiring high power.

The OH~6A observation helicopter measured peak paramcter values excexdsd the design
criteria maximums in gross weight and possibly engine tozque.

For the CH-54A crane helicopter, the maximum recorded airspeed was approximately
120 knots indicated. For a density altitude of 5,000 feet at which this airspeed was
meagsured, the equivalent true airspeed would be 132 knots, which exceeds the limit dive
speed of 126.5 knots. The maximum recorded gross weight during SEA operations was
44,005 pounds which exceeded the basic design gross weight by over 2,000 pounds. Field
studies conducted in SEA indicated that, during certain operations, more tharn 30 percent
of the sorties were flown at gross weights in excers of the design values. Overload
gross weights were rarely flown at speeds higher than 60 to 70 knots or at load factors
greater than 1.0 %,2g. This practice of flying at overload gross weights,.although
possible on the basis of static strength, may have pr.duced flapping, power, or control
requirements approaching fatigue damaging levels.

The only peak value comparison made for the CH-47A transpovt helicopter was
vertical load factor wherein the peak measured value was considerably below the design
limit load value. Reference 19 cautions against concluding that a lower design load
factor value is appropriate because of :the uncertainty of adequacy of the data sample to
represent long time exposure of a full fleet of aircraft. The maximum (or minimum)
values recorded during a relatively small usage monitoring period involved in data
acquisition are related to the probability of occurrence of greater values over a period
more representacive of a fleet's service life. References 17, 19, and 20 auggest
evtrapolation of load factor exceedance curves, as well az exceedance curves for other
parameters, as a practical approach for extending the losd factor data key and sample
time. With this extrapolation, design values will be mcre closely approached and in
some instance: possibly exceeded. An obvious issue is “ow far to extrapolate to
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represent fleet usage, yet at the same time keep the extrapolation valid. Reference 19
indicates that the design load factor for the CH-47A was based on the thrust capability
of the rotors. The demonstratsd load factors on the CH-47 models were the extremes that
the pilot could attain for the required demonstrations. Therefore, if the required
demonstrations were properly choren uand demonstrated, it should not be possible for a
flaet pilot to exceed the denonstration values. This reasoning leads to the conclusion
ths. in the case of load factor, the extrapolated value should become asymptotic to the
demonstrated value.

MONITORING SYSTEM3 OF FATIGUE DAMAGE TO HELICOPTER COMPONENTS

As data from operational usage measurement programs became available, it became
desirable to compare them to the usage spectra to which the helicopter was originally
designed and to ultimately assess the import of any differences on the fatigue lives of
£light-critical structural components. To this end, several studies were conducted. 1In
References 1 through 5 the four mission segment breakdowns from the usage measurement
programs were restructured into specific flight regimes such as ground, hover, takeoff
maneuvers, sideward and rearward flight, and gust. In that the four segment breakdown
did not provide enough information to derive specific conditions. The contractor had to
make judamental decisions based on existing profiles and company experience with the
aircraft as well as others in its class.

Recognizing this Qifficulty in using the existing measured data from service usage
programs for detailed fatigue analysis of structural components, the US Army had the
Reference 21 study conducted in 1973 to investigate methods for monitoring and recording
the in-flight operation of helicopters for specifically assessing fatigue damage to
their structures. Four concepts for in-flight aircraft monitoring were considered:
flioht condition monitoring (FCM), component load monitoring (CIM), direct monitoring
(DM), and mission type monitoring (MTM).

FCM involves recording flight parameters to identify flight conditions such as
hover, forward level flight, and turns; these conditions form the basis for fatigue
damage assessment. Similar to most manufacturers' fatigue analysis, where damage is
assigned to various flight conditions of a design spectrum, the fatigue analysis with
FCM is based on the actual flight time spent in various flight conditions. The fatigue
damage assessment is based upon a damage rate per unit of time for each selected flight
condition; that is,

(1) = ¢(1) x ™(I)
where D = damage for a given flight condition
C = damage rate for a given flight condition
T = total time spent in a given flight condition

Therefore, in comparison to the classical method of computing fatigue damage where
applied cycles (n) of specific load levels are compared with the corresponding number of
cycles to failure (N), the FCM concept i: based on the assumption that the actual time
spent in a flight condition can be used to identify the applied cycles and that the
numoex of cycles to failure can be established for the flight condition.

CIM involves recording component loads either directly or indirectly and using these
loads to assess fatigue damage. This method of assessing fatigue damage is comparable
to the manufacturer's analysis where component loads are related to various flight
conditions. In the CIM concept, however, the recorded loads need not be associated with
£light conditions since the loads are recorded on a real~time basis. Like the FCM, the
CL¥ records elapsed time within a specified range of the component load. Consequently,
the fatigue damage is again assessed on a rate basis:

D(I) = (1) x T(I)
where D = damage for a given load range
[ damage rate for the given load range
T = elapsed time spent in the load range

This damage assessment is similar to the classical method of computing fatigue damage.
The applied cycles (n) of the loads in the range are derived from T(I) and the damage
rate 71/N) js conservatively based on the maximum load in the load range. Ideally, tne
monitored loads would be the critical loads of the fatigue~critical components. This,
however, results in costly and complex instrumentation requirements: slip rings,
multiplexing equipment, and circuitry. A compromise to these requirements is expreasing
the loads on the dynamic components on the helicopter rotor system as a linear function
of the loads in the stationary control system.

The DM method uses data gathered on various f» .igue-related phenomena to assess
fatigue damagz. The phenomena include the change in metal conductivity due to cold
working, the acoustical emission of materials under stress, and the change in magnetic
field strength as a result of fatigue loads. Unlike the FCM and CIM methods, DM empiri-
cally associates the monitored data with the accrued fatigue damage. This association
would be determined through tests of full-scale components measuring both the monitored
data and the zccrued component fatigue damage. From these tests, the criteria for
retirement 1lift projection and component removal would be established in terxms of the
monitored data.
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MTM involves tracking each helicopter's functional mission assignment which is used
! to agsess the fatigue damage to the critical structural components. These mission

assignments are part of the Army's maintenance reporting system and typically include
direct ccmbat training, direct combat support, aeromedical, flight training, and
technical operations and maintenance training. The fatigue damage of the structural
component is assessed according to the flight time spent by the aircraft in each func-~
tional assignment. The damage would be assessed similarly as in the FCM method, i.e.,
computed as the product of flight time and a theoretical damage rate for the functional
assignment under consideration. Damage assessment with this method requires that a
theoretical damage rate be determined for each functional assignment. Determination of
the damage rate requires such information as the definition of typical mission profiles,
the frequency of occurrence of flight conditions for the mission profiles, and the
corresponding component flight loads for each functional assignment. Since this infor-
mation was not available, an alternative MTM method based on a mission segment concept
was also investigated. This alternate concept assumes that the miseion profile can be
subdivided into several segments (ascent, descent, etc) and that fatigue damage to the
components can be assessed for the flight time spent in the various mission segments.
As in the FCM method, the theoretical damage rates can be determined by considering the
flight conditions that the mission segments would include. Each ¢of the MTM methods has
its advantages. The functional =ascignment technique is an extvemely simple monitoring
method that could easily be incorporated into the Army's maintenance reporting system.
The disadvantage is the difficulty in identifying of the theoretical damage rates for
the functional assignments. The alternate method would be more complex, requiring an
onboard recorder, but would provide better information for fatigue damage assessment.

Each of the four monitoring concepts was evaluated for technical acceptability and
cost effectiveness for a UH~1H utility and a CH~47C cargo helicopter. Results indicated
that FCM is a superior overall method for each aircraft type. This was only true for
the CH-47C provided that the monitoring of gross weight becomes technically acceptable.
In the past, rellable and accurate measurements of helicopter gross weight had not been
shown to be feasible in an operational environment. Althouci: not selected, the CLM and
DM methods would potentially monitor fatigue damage better than the FCM or MTM methods
since the data recorded by the former two methods would be clocely associated with the
fatigue phenomenon. For the CLM, the development of transfer functions relating
rotating component loads to stationary component loads should be investigated. A flight
test program, where the transfer functions could be derived empirically, could be used.

In the process of proviaing flight condition data for fatigue analysis, the FCM
method defines how the helicopter is being used, thus providing insight into the types
of operations resulting in the associated fatigue damage rates. Such utilization data
establishes a uselful base for model changes and new helicopter system developments.

This method also provides a more versatile operational data set for uses other than
fatigue such as maintenance analysis. Recently, there has been consideration of a
multifunctional recorder system to acquire operational data for fatigue analysis, main-
tenance actions, and even accident information. Although the data editing and analysis
for each function would vary, the measured flight parameters would be common, to a large
degree, for all three functions. Thus, an FCM concept for fatigue analysis would be the
best approach for such a system.

As the afore mentioned monitoring system study concluded, the CLM method is a more
direct concept for fatigue analysis since it eliminates an intermediate step of load
definition for particular flight conditions; it also eliminates the need for gross
weight measurement. The CLM approach was investigated in a Canadian study for the
Boeing Vertol CV 113 and is currently under evaluation in a US program. The major
drawbacks of this approach are the necessity for strain gages, which tend to be easily
damaged and unreliable in service applications, and for slip rings if measurements must
be made in the rotating system. These drawbacks could be alleviated by developing
rotating to fixed system transfer functions to eliminate slip ring requirements, using
alternate rotating to fixed signal transfer methods, and keeping the number of gages to a
minimum.

Perhaps the answer to recording methods lies in an approach which is a hybrid of
the FCM and CLM concepts. Parametric measurements can be made to define operational
usage of interest and direct load measurements can be taken on key structural com-
ponents. With emerging onboard microprocessor recorder technology, this should be
technically feasible-~the constraint may, however, be recorder cost.

STRUCTURAL INTEGRITY RECORDING SYSTEM

Based upon the findings and recommendations from the fatigue moniforing feasibility
study, the Army in 1975 began developing a method for tracking the accumulation of
fatigue damage on critical helicopter dynamic components. The Structural Integrity
Recording System {SIRS), as the system is called, relies on a flight condition recogni-
tion (FCR) method for monitoring the variations in fleet utilization on a helicopter-by-
helicopter basis. SIRS is a total system comprising an airborne microprocessor based
recorder, a portaple flight line retrieval unit, and a data processing package (see
Figure 12). The recorder monitors various flight parameters and stores preselected
types of operational data within the recorder's solid-state memory. Data are retrieved
by a portable flight line retrieval unit that transfers the recorded data onto
removable, miniature computer compatible tape cassettes. Fach cassette can store the
average monthly operational data of approximately 50 helicopters. At a central data
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processing site, the software system automatically processes and analyzes the data, and

then generates tailored reports that present the usage and corresponding incremental i
' fatigue damage to each component for each monitored helicopter. The SIRS was developed

' initially for the AH-1G helicopter.

The FCR method of fatigue damage assessment is structured as follows: Defined in ﬁ
terms of specific combinations of flight parameter ranges, each flight condition

category (FCC) represents one or more flight conditions. The component damage due to
each flight condition may be determined when the loads during the flight condition, the
number of flight occurrences, and the component fatigue strength are known. To ensgure

that the damage rate for each flight condition category is conservative, the maximum

flight condition damage rate within the given flight condition category is chosen. Then

the component damage accrued during a given recording period may be computed by Equation
(1), and the flight condition category incremental damage may be summed to yield the
total component damage. The total recorded time is calculated by Equation (2), and the
fatigue life is predicted by Equation (3). |

m m b
. SR ]
m
Ty =-k£11‘k (2)
FL = T¢ (3)
D

where D = total damage to a component during
the usage spectrum

D component damage accrued during
the kth flight condition category

Ck= damage rate in kth flight con-
dition category for a particular
component

Ty = amount of flight time spent in
kth flight condition category

T,= total flight time i

FL= component fatigue life

Figure 12. SIRS Data Retrieval and m = number of flight condition
Analysis categories

The FCM method of fatigue damage assessment requires analyzing the manufacturer's
fatigue analysis for the helicopter for which the system is to be used to first define a
technically feasible FCM system and then to establish damage rates for each component in
each flight condition category. After these data have been developed and substantiated,
the selected flight parumeters ma . monitored to assess the accrued fatigue damage of
critical helicopter dynamic compo .8,

TABLE 4. SIRS Parameters The airborne recorder shown in Figure 12
is made possible by the application of a
® MEASURED microprocessor to provide a programmable
system. The microprocessor monitore the

PITOT PRESSURE parameters in Ta!;le 4. When these flight
parameters fall in preset ranges or form

STATIC PRESSURE certain flight conditions, the micropro-

OUTSIDE AIR TEMPERATURE ceu30r accumulates their occurrence or the

amount of time associated with them in the
TRANSMISSION LIFT LINK STRAIN recorder data storage memory. The flight j

conditions are defined generally as various
¢ AIRCRAFT PITCH ANGLE combinations and sequences o” the measured
I parameters. The SIRS recoxrde. procesgses the
AIRCRAFT ROLL ANGLE inputs from the transducers for the moni-
i ENGINE TORQUE PRESSURE tored parameters. Each input is conditioned
. to a desired full-scale signal level
; MAIN ROTOR RPM d ;

multiplexed, and converted from an analog to
a digital signal that can be manipulated by
YERTICAL ACCELERATION AT CG the micorprocessor under program control.
The recorded data is in three forms:
L COMPUTED_ (1) time in various flight conditions,
(2) 1. mber of occurrences of other flight
PERCENT V  aiRSPEED conditions, and (3) maxim- . value of some

R

PETy

PERCEMT VH AIRSPEED input. parsmeters. The re¢corder incorporates
DENSITY ALTITUDE

a Lithium Organic Batter ~ rith a minimum of
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l-year's capacity to retain the stored data when aircraft power is off. The complete
recording system installation weight is 20.6 pounds. The recorder, including monitoring
rack and electromagnetic interference shielded connector, is 17.5 inches long, 6.5
inches wide, and 10.15 inches high.

SIRS is designed so that data need be retrieved only once every 4 to 6 weeka by a
portable, fiight-line data retrieval unit (RU). During transcription of recorded data
onto the miniature tape cassette, the operator interacts with the unit. The RU displays
messages and the operator communicates with the unit through a keyboard. The data
retrieval, including setup, takes less than 5 minutes and can be performed on a flexible
schedule. In addition to data retrieval, the RU performs diagnostic checks of the
recordexr and transducers. 7I% can also be used as a readout device during transducer
valibratiors.

The @ :a retrieval unit is 19.1 inches long, 15.6 inches wide, and 9.8 inches high.
Containing its own rechargeable power system, the retrieval unit is housed in a flight
line style container.

Upon receiving the data from the miniature cassettes, the software system first
performs an initjial data processing to verify the recorder operation and transducer
functioning and to review thc long-term trend of the transducer static readiness, and
then analyzes the data. The analysis includes segregation of the data by f£flight
condition categories, conversion to a 100-flight-hour basis, and data presentation in
terms of usage spectrum. Next, the software system analyzes the data by calculating the
incremental fatigue damage for specific components.

A SIRS recorder and transducer package was installed on an AH-1G at the Army
Aviation Test Board, Fort Rucker, Alabama. In addition, a parallel oscillograph
recording system was installed. The aircraft was then flown through all the maneuvers
in the usage spectrum. Data was processed from the two systems and compared. Good
correlation was obtained for most of the flight conditions. Some requirements for
recorder software changes were identified. These changes were made before the next
phase of testing. The SIRS was installed on five aircraft at the Army-Aviation Center,
Fort Rucker, Alabama. Active data collection over a 3-month period with a total of 260
hours of flig!t was monitored by SIRS.

In October 1977, a follow on effort was initiated to install five SIRS recorders on
AH~1S aircraft. Software modifications were made to adapt the system from the G to the
S COBRA model. Hardware modifications were made to increase the memory fourfold. This
was done to permit recording more data. A tri~variant table of lateral control posi-
tion, engine torque, and airspeed was attached to the transmisgsion lift links to measure
of aircraft gross weight in flight. This was in lieu of a strain-gaged lift link used
on the AH-1G which had been found to be unreliable under field conditions.

Several problems have been identified during the AH-1S flight test program that
required changes to the hardware and software to provide a satisfactory system. The
major problem is the gross weight sensing system which is also used to detect lift-off.
The piezo-electric strain sensor is extremely sensitive, as required to measure the 1lirct
link strain. However over a period of time in field usage, drift occurs which makes it
output urnusable by the recorder. A method of determining lift-off from a combination of
roll position and engine torque has been developed but not yet verified.

Table 5 presents the damages calculated for dyanamic components AH-1S aircraft
during a 6-month period. The table shows individual and total damage fractions for
seven componenigs. The delta logbook hours, delta recorder flight time hours, and delta
recorder ground time hours were added for clarity. The three damage fraction columns
are labeled "SIRS", “RECORDER", and "LOG". The damage under the “SIRS" column results
from the calculations performed using the recorded flight condition category items and
the associated damage vate coefficients. The damages under the "RECORDER" column
represents the assumed damage based upon the recorded flight time multiplied by the
inverse of the recommended retirement life of the component (i.e., the fractional
portion of the retirement life that has been used based upon recorded flight time). The
damage under the "LOG" column represents the assumed damage or the fractional portion of
the retirement life used based upon the logbook hours.
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TABLE 5. .Calculated Component Damage

COMPONENT SIRS RECORDER HOURS LOG BOOK HOURS
MAIN ROTOR BLADE .07264 .07392 .13009
MAIN ROTOR YOXE EXTENSION .00092 .02465 .04335
MAIN ROTOR GRIP .00000 .00813 .01431
MAIN ROTOR PiTCH HORN .00062 .01231 .02168
RETENTION STRAP NUT .09286 03696 .06504
SWASHPLATE DRIVE LINK .00023 .00739 .01301
SWASHPLATE OUTER RING .00080 .02465 .04335
TAIL ROTOR BLADE .00000 .00000 .00000

CONCLUSIONS AND RECOMMENDATIONS

The mission assignment of a helicopter is probably the most influential factor in
establishing the character of a flight spectrum. The variability in flight spectra

obtained for operational helicopters flying several different mission assignments
clearly demonstrates this point.

Fatigue mission profiles for structural component life calculations should be based

on design flight conditions and reevaluated by conducting surveys of actual helicopter
operations.

SIRS has demonstrated the effective use of an onboard microprocessor recorder for
operational fatigue data measurement.

Results from the service usage programs and studies directed at using these results
to update design criteria and fatigue analysis have identified the following further
considerations for service usage monitoring the structural integrity recording.

e Composite mission profile based upon a complete cross section of operating
conditions.

Additional assessments arc recommended to examine the need for a weighted design
spectram tnat would encompass the full use of a helicopter in US Army operations.
It would add to overall accuracy and realism in helicopter design. The data
sample for creating this spectrum should include a complete cross section of
operating conditions for different operational units in various parts of the
world. An operational mission profile, developed solely from one data set such
as SEA, does not provide the absolute design tool. Certain special and limiting
conditions which were prevalent during SEA operations affected the results. Such
conditions may include level of command from which the helicopters are: deployed,
mission assignment, aircraft availability, and fliyht taccics.

® Well-defined discrete ground and flight regimes.

The particular assessment needs for waich the data will be vsed should be well
defined and the measurement list and parameters tailo.ed to meet the needs.
Several repor! have recommended smaller increments and inclusion of data closer
to the 1g level and the presentation of load factor data to allow determination
of time at equal load factor increments.

¢ Meaningful combinations of recorded data.
Individual specific load parameters, such as rate of climb, cross-plotted against
time for each important load parameter such as locad factor, airspeed, and gross

weight would be valuable in better defining flight regimes and detailed flight
conditions.
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® Direct monitoring of loads in fatigue critical components.

The availability of operational load parameters for specific components would be
beneficial in establishing operational trends. Valuable information would be
gained for future main and tail rotor fatigue designs if data were available for
main rotor blade flapping, tail rotor flapping, and collective.

¢ Maximum one-time-occurrence data.

When evaluating the cause for the limit of a particular parameter, it would be
desirable to have the instantaneous value of all other measured parameters, or
even better, a short time history of the event. This would aid in reconstructing
the condition and thus give credibility to the argument for the cause.

Acquisition and presentation of helicopter operational data has improved greatly
since the early efforts in the 1950s. 1In spite of this improvement, a continuing
concerted effort is required to characterize the usage of both mature and new helicop-
ters. The latter have greater parformance and structural capabilities, and new intended
usages. The need for continued nonitoring, coupled with ever-improving solid-state
microprocessor recorder technology, lead to the iuture prospect for meaningful,
worthwhile usage monitoring efforts.
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Appendix - US Army delicopter Service Usage Programs
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HELICOPTER DATA ACQUISITION IN WHL

P S GRAINGER - CHIEF MECHANICAL ENCINEER
Yestland Helicopters Limited, Yeovil,
Somerset, England. BA20 2YB

l INTRODUCTION

The approach to loads monitoring is designed to fulfil two requirements. The first is the eliminaticn,
] as far as possible of costly parts being thrown away because of overly conscrvative assumptivns witn

rospect Lu usuge. ine second {s to assure the assumed safety standards by knowledge of the in-service
aircrart utilisation.

Specific problems appropriate to the helicopter make this task more difficult, but nevertheless the
fundamental steps have been taken to commence data acquisition.

A discussion of equipments with more limited applications are outlined.

LIST OF ABBREVIATIONS

ISA Internaticnal Standard Atmosphere
Hz Hertz - Cycles/Second

S/N Stress/Cycle

ASH Anti-Submarine Warfare

VERTREP  Vertical Replenishment

THE ANALYSIS OF LOADS

i (a) Problens with Helicopters

The helicopter dominant loads are created by the passage of each blade round the azimuth. The
aerodynamic forcings cause higher frequency response that at once per rev, though rarcly are
these high frequency loads damaging in their own right.

C quently the ber of cycles relevant to a total analysis is very considerable, bearing
in mind that a general main rotor frequency is about 3-6 Hz whilst tail rotors vary from

15-30 Hz.

. Further, the high frequency signals can be important up to eight times the fundamental rotor
frequencies requiring considerations of up to 50 Hz for main rotors and 240 Hz for tail
rotors.

This being the case several corollaries follow:
(a) It is most practical to deal with peak to peak signals containing all the harmonics.

{b)  Specific manoevvres contain varying proportions of frequencies and are treated as a
whole.

(c} Relatively small changes in aircraft attitude can affect the harmonics breakdown, which
implies the measurement of a large number of manoceusres.

As a consequence the procedure for establishing the loads for conditions are empirical, and
have several pessimisms in the calculation methods discussed below.

3 (b) Standard Procedures

Generally the policy is to recognise a finite number of aircraft flight conditions. This
number is of course naturally infinite, but is usally compressed down to 200-300 separable
identifiable types. In previous early helicopters the number of conditions were as low as 30.
In the obligatory development flight period these manoceuvres are flown wi.h the objective of
acquiring a sufficient number of each, to gain information on mean values and dispersion. At
this point industry practice varies from applying a fixed factor for variability (as in WHL)
or attempting to apply sinple statistics. The flight condition is defined as the departure and
return to steady state, say level cruise, and includes the transient effects of entry and
recovery.

RO TN

The variables involved not only include flight condition in terms of aircraft state,
but also include altitude, temperature, centre of gravity, wind direction, gust
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severity, external loads, weapon fits and the engagement of sutomatic flight control
assistance.

This approach is emminently practical but is necessarily iinited to the environment of
the manufacturer which in our case is broadly at ISA ccaditions,

The affects of changing density with temperature and altitude are pronounced and therefore
a more complete approach would be to take the aircraft to very hot and very cold
environments, in the latter to include the effects of fcing. The problems with moving
the development exercise is that modern measuring systems have become highly computerised,
using aircraft telemetry links in preference to on-board recording. This requires a very

comprehensive receiving station and the capacity to record many hours of real time data
on a very large number of data channels,
In these circumstances supporting an osircraft away from factery facilities becomes
extremely expensive. l
Nevertheless, trials have been conducted in Denmark, Norway and Spain, to pursue loads
inrormavion, vut reveriimg Lo on toord data regerdere, and a combination of manual and ;
autonatic analysis.
If we consider a typlcal spectrum we have as follows:
INBOARD DOGBONE PLAIN SECTION - LOADS AHD DAMAGE RATES
10,050 LB, 5.6" FORWARD 0/2,000 FT
MEAN l MAXIMUM MEAN MAXIMUM DAMAGE/HR
FLIGHT FLAP VIBRATORY | LOAD VIBRATORY
CONDITION LOAD FLAP LOAD LAG LOAD
(LB IN} | (LB IN) (LB IN) (LB IN) x 10
Take-Of -1197 19830 856 6426 -
Hover - 8545 18786 4196 7854 -
Rotor Engagement 19741 18786 632 12423 2.212
Transition to Hover ~-7024 13498 -
Spot Turn to Port - 6778 16699 3533 7996 -
Spot Turn to Starboard | - 5457 18004 4047 9854 -
Transition from Hover 6188 15655 4842 7426 - {
| Sideways Flignt -13371 | 24005 4222 13423 39.514
Rearward Flight -10195 221178 3670 13281 2,376
Climb 8476 10521 9165 8239 -
Partial Torque 5412 10656 =4841 1529 -~
Autorotation Entry 16150 11815 -
Autorotation Recovery 5471 17578 -
Autorotation Steady 725 8903 =7196 6251 -
30 Kts Level Flight 5151 6879 1769 8097 -
Level Flight 0.4 VNE 3698 12116 =-1945 5965 -
0.6 VNE 226 10193 875 6965 -
0.7 VNE 5489 9762 2194 1705 -
0.8 VNE 6453 9886 3451 8604 -
0.9 VNE 7935 10564 4646 9664 -
1.0 VNE 1334 11796 5780 10884 -
30° Bank Turn 0.4 VN2 4000 17507 ~1000 5949 -
0.6 VNE 6000 13776 0 6965 -
0.8 VNE 7000 13202 2000 8561 -
0.9 VNE 7000 14350 3000 9517 -
Once Per Flight 6.359
\ TOTAL 50.461
. If moreover we consider a typical strain gauge and instrumentation data gathering fit, and
the spectrum applies to each component, some idea of the magnitude of the task is gained.
% Westlanc 30 Aircraft Strain Gauge Standard
. Main Rotor Hub Window _and Counterbore
‘ Mean and Vibratory
#
N Main Rotor Hub "Window" Gauge F M+ Vv
3 Main Rotor Hub "Windou" Gauge G M+ V '
H Main Rotor Hub "Window" Gauge 1] M+V
& Main Rotor Hub "Window" Gauge I M+ V
¥
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Main Rotor Hub "Window" Gauge

Main Rotor Hub "Counterbore" Gauge
Main Rotor 'ub "Counterbore” Gauge
Main Rotor Hub "Counterbore" Gauge

Main Rotor

Hub Torque

Hub Bending Moment
Flap BY at

Flap BM at

Lag BM at

Flap BM at

ln_o,RM at

Flap BM at

Lag BM at

Flap BM at

Lag BM at

Flap BM at

Lag BM at

Flap BM at

Lag BM at

Tersion at

Flap BM a.

Lag BM at

Lag Damper Load
Spider Arm Bending
Fore/Aft Cyclic Jack Load
Lateral Cyclic Jack Load
Collective Link Load

Tail Rotor

Tail Transmission Torgue
Spider Arm Bending
Pitch Change Lever Load
Gearbox Shaft Bending
Flap BM at 20.8% Radius
Lag BM at 20.8% Radius
Flap BM at 33.1% Radius
Lag BM at 33.1% Radius
Flap BM at 50% Radius
Lag BM at 50% Radius
Flap BM at 50% Radius
Lag BM at 60% Radius
Flap BM at 70% Radius
Lag BM at 70% Radius
Torsion at 45% Radius
Torsion at 55% Radius
Torsion at 65% Radius

Asrframe Transducers for G-BKKI

1. Co-Pilot's Feet

2. Pilot's Feet

3. Co-Pilot's Seat Aft Outboard
Attachment

4, Pilot's Seat Aft Qutboard
Attachment

5. Rear Cockpit Bulkhead

6. Rear Cockpit Bulkhead

7. Cabin Floor Port Side
Approx St'n 1710F

8. Cabin Floor Starboard Side
Approx St'n 1710F

9, Cabin Floor Port Side
Approx St'n 450F

10. Cabin Floor Starboard Side
Approx St'n 450F

11, Cabin Floor Purt Side
Approx St'n 1210A

12, Cabin Floor Starboard Side
Approx St'n 1210A

13. Intermediate Tail Rotnr Gearbox

Intermediate Tail Rotor Gearbox

15, Intermediate Tail Rotor Geerbox

16, Tail Rotor Gearbox

-
&

J

U (UPPER)
M {MID)

L (LOWER)

(MO0OT)
(MOOOM) x 2
(MO32F) x 4
(MO68F)
(M068L)
(M142F)
{M1421.)
(M196F)
(M196L)
(M310F)
(M310L)
(M48OF)
(14480L)
(MG4OF)
(M640L)
(M700T)
(M810F)
(M810L)

(M Lag Damper)
(M SPAB)
{MFCC)
(MLCC)
(MCLL)

(T.DS.Tq)
(T.SP.AB)
(T.PCL)

(T.GBS.B)
(T.208.F)
(T.208.L)
(T.331.F)
(T.331.L)
{T.500.F)
(T.500.L)
(T.600.F)
(T.600.L)
(T.700.F)
(T.700.L)
(T.450.T)
{7.550.T)
(T.650.T)

- vertical
- vertical

- vertical
- vertical

lateral
- fore and aft

vertical

vertical

- vertical
- vertical
- vertical

vertical
lateral
vertical
fore and aft
lateral

Mean and Vibratory

T
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{c)

Position No

17. Tail Rotor Gearbox - vertical
18. Taill Rotor Gearbox - fore snd aft

Engine Transducers for G~BKKI

1. Starboard Engine Power Turbine -~ lateral
2. Starboard Engine Power Turbine, - vertical

Additionally shown in the spectrum are the relative damage numbers in terms of Miner's Law
from each of the conditions descrited for the specific component. This analysis shows

how the design is generally driven up in strength until only a small proportion of

high amplitude, short duration conditions cause fatigue damage. This can be

readily seen since only a few conditions shown are leading to a calculated safe life of

A~ 5000 hours. As a result the amplitude AND persistance of each damaging condition are
of great significance. (Ses Figure 1).

Furthermore for the helicopter, the cycle of running up the rotor, taking-off flying and
landing, itself causes fatigue damage, and therefore the frequency of this characteristic
in its own right is critical.

The reason for this characteristics in rotor systems 1s that in order to produce a

practical design, joints are incorporated in the blade/rotor interface. The centrifugal

load on these joints at nominal rotor speeds generates stresses, due to stress concentrations,
greater than the endurance limit of the system. This in turn means that the component
inevitably has a limited fatigue life related direclty to the number of rotor starts.

Usually 1life factors and empirical tests are used to define safety margins in these
components, but in principle the operational data requirement is the same.

Because Miner's Law cumulative damage rule contains only linear functions of applied cycles
the implications is that if we assume only one condition is damaging and leads to the
promulgation of a safe life, doubling the occurrence will halve the 1life, though in

real terms it will mean that the probability of failure will rise above the accepted criteria
after half the promulgated life has been consumed and only may lea to failure within the
full life.

If the assessment of amplitude is incorrect then worse than linear effects can occur because
of the shapes of the S/N curves and this emphasises the need for comprehensive flying, or
in-service loads measurement. (The S/N¥ curve shapes are usually based on relevant coupon
type date. The component mean strength ie based on fatigue test results arnd on the
production component).

Unlike the fixed wing conditions of flight, the blade of a helicopter is continually in a
very disturbed airflow, and the classical manoeuvres of say pull-ups and turns are not

as significant. Indeed, a non-agile civil helicopter safe life may be totally controlled
by the transient entry and recovery to low speed sideways or rearwards flight.

Types of Usage

The helicopter derives its usefulness from its flexibility; spectra are generally derived
from either:

{a) Theoretical flight profiles.
(b) In-service user surveys, of various types.
(c) A combination of both.

The former are necessarily based on previous experience and can be erroneous for a new
operator. The latter are usually restricted to periodic pilot questicnaires which can
fairly inaccurate. A Typical questionaire is shown in Table 1.

The usage may be detailed in a variety of roles typical of which are; ASW, SAR, VERTREP,
CAPAD, Shorthaul Commuter, Long Haul, Ferrying etc.

Each of these are then broken down into a range of flight conditions {Table 2) based on
heavy handed estimatcs of duration of flight.

The difficulty with this approach is that it does not interface with the fatigue analysis
of the components and indeed for a new aircraft cannot be, and is consequently only a gui :a.
Nevertheless, the measured aircraft loads from development flying are applied to these
guides to formulate the safe life.

When operational patterns have been established attempts by use of questionaires may be mude
to refine the more tentative areas, Aircrew generally dislike 'excess' paperwork an” it
follows that useful answers will be in inverse proportion to the number of questions usked.
The approach is further hampered by the very limited instrumentation of the standard
in-service aircraft, and the pilot's notoriously inaccurate judgement of time. This
fnaccucacy stems from the length of time spent in high workload environments, quite
undepstandably, and time seems very long when negotiating difficult manoeuvres such as
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o landing back on board a heaving ship's deck, or oil rig pilatform in gusty conditions. This
| tends Lo lead to overly pessimistic estimate of time in condition.
f Regrettably it is precisely these areas which tend to be critical.
' Examples of more detailed searching for knowledge of time spent in critical condition
. areas are showy in Table 3 for low speed SAR training.
' On receipt of such information the designer is inclined to despair, and responds by
either generating a brand new spectrum on the basis of the data, and then re-analysing
the entire aircraft for safe life, or creates compositions of existing spectra adjudged
to give the appropriatc, operational severity. The latter is more popular from the
custumer's viewpoint as it represents a much cheaper alternative.
All the foregoing emphasises the need for accurate data, on which to base judgement and \
) assess effects.
1
: (¢) QOperational Effects I
Rotor_Systems
For main rotor systems, all up weight, centre of gravity position, incremental 'g' force,
and control inputs in terms of amplitude and rate all affect the rotor loads generated.
As a result, the acquired data to make sense of the inputs needs to be fairly comprehensive.
Broadly, nefther cg or all up weight have a pronounced effect on tail rotor components.
They will normally suffer most from low speed manoeuvres, habitually prone to considerable
scatter. Amplitude and rate of yaw input are the most critical parameters.
Transmission
For transmission systems, depending on type, broadly only torque demard causes problems,
but where in aircraft like Lynx, the gearcase is used as the rotor mounting on the fuselage,
the inputs for rotor systems come into play.
Structure
The structure of a helicopter is the area most iike fixed wing, and broadly can be treated
in a similar manner; however structural resonances are more common and can require
i investigation in their own right. ‘
Undercarriage
The helicopter undercarriage is very different from the fixed wing type in that the whole
design aim is increased energy absorption, it being considered that the vast percentage
of helicopter landings will be vertical.
This exacerbates the problem of aircraft bounce in the run-on landing situation, but in
either case the information controlling the life is obviously only the landing. The
variables are aircraft attitude and rate of descent.
HODR ~ Helicopter Operational Data Recording
Clearly it would be desirable to instrument, comprehensively, each ajrcraft in the flect
and record all the data so as to individually life, safely, each aircraft; obviously at the
. present stage this is not poussible.
i As will be discussed later however, the start of this process is being attempted, but for
simplicity we can break down the 1ifing task into three phases:
(a) Find out the time spent in manoeuvres.
é (b} Find out the loads.
[ K
b (¢} Calculate the life fcr each critical section. \
% Ideally (a) and (b) should be done on the same aircraft but HODR attempts Lo evaluate (a),
with a sample of the fleet and a home based aircraft to identify (b).
; % At present WHL have been involved (witn RAE Faraborough} in the instrume tatfon and :
. H reduction of data from two in-service alrcraft. A Mk 2 Sea King involved in pilot treining, :
' and a Mk 4 Sea King are currently flying with 'parameter' instrumentation. ;
i The objective of this 'parameter' instrumentation fit is to be able to interpret the ; 1
aircraft behaviour and allocate a duration to the recognised manoeuvre. With this accomplished : ‘
for all the recognised manoeuvres a spectrum can be genera‘2d, and for unrecognisable ¢ H
situations the home based aircraft flown to attribute loads to this previoucly unanticipated H :
% area. : i
This 'parameter' standard includes the rollowing: f %
i H
Y H i f
- H 1 * ¥
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Typical Sea King Parameter List (HODR)

Alrcraft Motion Parameters

Normal g - main rotor centre line port side of cabin
Normal g - mair rotor centre line starboard side of cabin
Normal g - main rotor centre line aft cabin

Lateral g - main rotor centre line aft cabin

Longitudinal g - main rotor centre line

Alrcraft pitch attitude

Aircraft roll attitude

Aircraft heading ('yaw attitude')

Afrcraft Flight Control Parameters

Collective Control Position )
Cyclic Control Lateral Position |}
Cyclic Control Fore/Aft Position )
Rudder Pedal Position

Engine Torque No. 1

Engine Torque No. 2

Tail Rotor Torque

Main Rotor Speed

Indicated Airspeed

Pressure Altitude

Coppler Velocities

Future installations will also
include control servo positions

Strain Gauges

Tail Pitch Control Load )
Alrframe Strain Gauges (2 off) ) Installed on latest alrcraft
Tail Pylon Hinge Strain Gauges )

Ctatus Signals

Aircraft on Ground Event (Ls Aing Gear Switch)
AFCS Engaged Event

HF Radio Transmit Event

Elapsed Time

The recording system starts with the release of the rotor brake and stops twenty seconds after
application of the brake.

Further work is programmed to extend this information to five further Sea King and six Lynx.

Commonality of instrumentation between Sea King and Lynx has been achieved., A small cassette
recorder is used to store multiplex data from the above aircraft sys‘.ms signals and specially
installed transducers via a programmable data logging system.

These signals are in the main low pass filtered at atout 1.5 Hz. In addition some strain
gauges are installed to measure strains directly in certaln habitually critical areas.

'fhe sample rate of these parameters is generaily abouc 4-8 times per second, which is sufficient
to describe control inputs and motion response of the aircraft. Strain gauges have to be
sampled at much higlhier rates depending on the frequency of loacing, as described in the
introduction. The tape capacity gives a duration of about two hours and the equipment is
described in Reference 1.

In order to reduce the volume of the strain gauge type of data an alternative recording
method is currently under investigation. This process fnvolves both low and high pass
filtering of the signal and recording on separate channels the low pass filtered signal which
is equivalent to the steady part of the signal, and the high pass portion, equivalent to the
peak amplitude. Their time history and association is maintained such that at a later stage
the stress analysis can be carried out, by replaying essentially tabulated data and
calculating fatigue damage on this basis.

HELTCOPTER QPERAT{ONAL DATA

The parametric data is processed by two basic methods:

(ay ‘automatic'

Computer reduction of the data is carried out to produce tables of specific informatios such as
number of rofor starts, take-offs and duration of each sortie and counts of the number or
autcrotations. Other information is also gailned such as engine torque spectra, airspeed versus
altitude and alrspeed versus angle of bank spectra. Aircraft lateral and normal accelerations
at'e found by combiring the accelerometer signals.
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This type of processing of the parametric datu will, it is hoped, provide usage spectra representative
of the various aircraft roles for comparison with the assumed spectra and such old standards as

CAM6. Typical Sea King spectra are included in Reference 2. Cycle counts and damage analysis

will be made on strain gauge data.

(b) 'Manual!

Time histories of the parameters are displayed for visual examination to discover any unexptcted
manoeuvring of the aircraft which might have a potentially damaging effect. This process is at
the moment of necessity visual (using engineers with flight experience) because at the present
time the computing power and software requirement for automatic manoeuvre recognition are
prohibitive.

The technique employed is to look for occurrences of high 'g' loadfng and/or rapid change of
aircraft attitude which imply high structural or dynamic component loads or high rotor moment.
The manoeuvres are then described as precisely as possible for the inclusion in the flight
programme of a load survey helicopter or for insertion in the assumed flight spectra for the mark
of helicopter. On the one alrcraft on which this work has been carried out it has been found
difficult to identify low speed manoeuvres but future aircraft data acquisition systems will
include doppler velocities and tail. rotor torque information to assist in this area.

CONCLUSIONS
The approach centres on answering the many questions of what does an aircraft in the ficld actually do?
The problem with this question is that it is never fully answered in that an individual machine may
indeed be suffering the worst loads because of topographic problems, or lack of maintenance personnel,
and happen not to be the one selected for analysis.

The state of the art with respect to usage is so coarse however that the seeding of service aircraft
across the operators is likely to be invaluable in identifying the general trends in critical areac to
put us in a much stronger position than today.

The benefits of such knowledge .un be either the avoidance of catastrophic underdesign, or the
recognition of over pessimism in the 1ifing policy. On the assumption that we wili not have the former,
the monetary benefits of the latters could be staggering.

The effect of longer safe life and the consequent saving of spares purchase and inventory could replay
the cost of the loads measurement many times over, and it is hoped it will.

The programme for the Sea King flight on the data gathering aircraft is taking place at present.
The data acquisition in-service is now starting to become avallable.

From the Mk 2 aircraft data from the first HODR programme, the basic results yield the following
typical data:

(a) Bar charts of Indicated Airspeed and altitude in bands of speeds in excess of 40 kts. This
converts into percentage of time at speed and altitude to compare with spectral assumptions.

{b) Counts of take-offs per hour.

(¢) Occurrence of autorotation.

(d) Summations of twin engine powers and times.

(e) Rotor speed values and occurrence.

(f) Roll angle amplitude and occurrence leading to a first estimate of time in turns.

From early analysis of the above some carly trends are discernable most of which support the view
that the spectral assumptions are pessimistic and that fiscal savings may be made. Two of the most

obvious effects which have already been noted, which could have adverse life effects are that:

{a) The amount of autorotation is higher than anticipated which increases the torque cycling of the
gearbox.

(b} Fiight durations are shorter than anticipated, which adversely affects components affected
take-of'f's, and rotor starts.

Limited Aircraft Fit Devices

Whilst the HODR programme attempts to look at overall aircraft parameters, several attempts, of which
two will now be highlighted, have been made to address areas which are more controllable, in that either
instrumentation already exists than which loading information can be extracted, or the objective of
measurement is strictly limited.

Health and Usage Monitor - Westland 30

Torque Exceedance

The loads in the main transmission system of the Westland 30 are dominated by the utilisation of torque
in the single and twin engine mode. If knowledge of the system torques could be acquired it would be
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possible to calculate the effect on the individual gears. The bearings are controlled by a health
monitoring package of oil analysis.

As part of a similar aim on the engine an automatic processor with enhanced software capacity has been
procured and is currently under test.

The device fitted to the aircraft is shown in "{gure 2 and performs the following functions:

(a)
(b}
(c)
(a)

Engine Pover Monitoring.
Engine Usage Monitoring.
Transmission Torque Monitoring.

Transmission Usage Monitoring.

(e) Rotor Torque Usage Monitoring.

To verform these calculations for the gearbox the unit uses the torque for each engine.

The total range of torque between zero, and twice maximum continuous is banded, into nine bands.
The system recognices the band in which the torque lies, and sums the time spent in each dband., It
conducts the same calculations for Engine No. 1, Engine No. 2 and the total torque from Nos.

1 and 2 including the effect of torque split. (See Figures 3 and 4).

The data is retained in updated stores of torque and time. For rotating gears it is not generally
necessary to know the sequence effect of torques because each gear naturally has a large number of
teeth. The aircraft torque is relatively slow moving function compared to the tooth passage frequency.
Consequently, cach tooth on a gear sees a relatively long duration of constant root bending cycles

‘n each band, corresponding to a miniatureconstant load amplitude application.

Therefore as long as the sequence effects are included on the transmission fatigue test, and WHL
commonly use a programme load approach on new gearboxes, it is not necessary to Know the applied
sequence of stresses.

The fatigue S/N curve for each gear in the gearbox is included in the system memory on the look-up
table, and at the end of a flight the stored data on torque and time is applied to the fatigue damage
algorithm to calculate a 'damage inder', for each component. When the 'damage index' equals unity
for any component, the affected item is life expired. The unit is interrogated at a pre-determined
frequency, but has been designed to have sufficient storage for 1000 hours.

This system effectively puts the gears on-condition with respect to life, and as lcng as the record
of 1ife used is kept with the gear, this condition can be maintained until 1il2 expiry on the most
critical unit,

With service experience, it 1s expected that the aircraft operator should be able to look back on the
growth of damage index with flight hours for his operation{s), and with system familiarity be able to
predict a scheduled removal from the aircraft.

Since the other components within the transmission are monitored by oil condition one way or another,
as previously mentioned, the entire main transmission system could become on-condition.

The device 1s currently undergoing system proving trials at WHL, but should shortly be fitted to
a development aircraft for flight trial purposes.

There is no reason why the tail transmission system could not be similarly treated, and the later
variants of the Westland 30, are fitted with a solid state tail torquemeter precisely for this
purpose. This data is added to an enhanced, but similar computer package, with this aim in mind.

Rotor Head Monitor

Both Lynx and Westland 30 are fitted with a comson semi-rigid rotor head. The high control power
available implies that small control movements give high rates of response, and correspondingly high
loads. One of the areas in which this is a potentlal problem is is in the area of aircraft taxying.

At the present time detailed instructions are written into the pilot's manual describing the procedure
for control inputs in the taxying mode. The particular problem areas are in operation from poorly
prepared sites and grass landing strips.

The problems comes about when trying to start off the aircraft in soft conditions. The pilot wishes
to create a forward motive force. The method of doing this is to tilt the thrust vector forward by
applying cyclic stick movements. As a result he also applies main rotor head moment. Depending on
the softness of the ground, these lcads can be quite large.

Large airports, or controllers of airspace, can ban hover taxying, demanding that the helicopter
behave as if it were a fixed wing aircraft, This imposes an unusual, and generally unknown constraint
on an aircraft not designed for prolonged use in this way.

The procedure would be quite straightforward if a head moment gauge could be fitted for the pilot,
such that he could curtail operations within the acceptable stress envelope. This requires
rotational information from strain gauges on the main rotor head to be brought down to the
non-rotating co-ordinate system of the cockpit.
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In development aircraft this is done by a mechanical highly complex slip-ring whose reliability is not
good. This problem of serviceabilty becomes particularly acute in the long term, and is one of the
major difficulties of in-service data acquisition. However, a radio slip-ring using multiplexed
signals transmitted over a short distance using RF signals is currently under dev2lopment by WHL. The
amount of information which can be transmitted is limited but it is nevertheless ideal for this
application.

The strain gauge signals for two adjacent aims of the four bladed design are added to give spacial
vector of moment by suitable filtering. The steady comnonent of 1ift is also extracted to allow for the
mean stress on the component, and this data is supplied to the pilot on a special cockpit gauge.

By keeping within a set of pre-determined boundaries, the generation of inadvertent loads causing
damage is precluded. In this way the promulgated life is assured and possible spectral exceedances
curtailed.

These pursuits are extended to a whole health monitoring package (Reference 5) on Westland 30 Series 300.
Figure 5 shows a completely interfaced package covering a great deal moie of the system than those
related only to fatigue sensitive loads directly.

Main and tail torques are recorded in an advanced package similar to Westland 30 Series 200. Main
rotor head usage is extended into areas other than but including the taxi mode.

Engine power checking and 1ifing, oil condition, and selective vibration analysis add together to
provide as large an on-condition agsessment as possible all of which is designed to eliminate the
unknown3 in user operation and spectrum.

CONCLUDING REMARKS

The HODR task in collaboration with MOD is the most complete approach possible at this time, to determine
the utilisation, and acquire loading data. The nature of the task requires considerable aircraft
management to ensure that as many role configurations are covered as possible. Since the data is
acquired in real time, the acquisition of a statistically significant amount will be spread over the

next few years. Nevertheless, early signs indicate that a considerable number cf Improvements will be
accrued from even early data received.

This approach also provides the ability to 2ncompass new roles for an in-service aircraft type, in a
much more rigorous way than current est:imating methods.

The methodology shoull 2lso provide an information database against which to test loadirg theories
(such as random load) and extend statistical scatter knowledge on times,

o ———— o e v edsts wmn mms v AT Sy S w P e = 2 - ~

[RTU.

P ——

RS A SO




EVS——_

~

i
:
g
&

1210
REFERENCES

Reference 1

Reference 2
Reference 3

Reference 4

Refercnce 5

Reference 6

Note all the references and internal dccuments are available from the author at Westland Helicopters Limited,

612/8A/36580/001/Issue 2
HODRS System - Plessey plc

Stress Note SN 227 (Flight Condition Spectra for Fatigue Substantfation)
WK/EA/G34 - Specitication for Health and Usage Monitoring Equipment
Health and Usage Monitoring in Helicopters

D G Astridge and J D Roe (Authors)

Stressa, Italy

WER 142-30-00348

Health Monitoring of Helicopter Gearboxes

D G Astridge
Aix En Provence

Yeovil, Somerset, England.

LIST OF FIGURES AND TABLES

Figure 1
Figure 2
Figure 3

Figure 4

Table 1
Table 2

Table 3

Damage Curves for a Typical Component
Digicon Hardware
Lynx/Westland 30 Transmissicn Systen

Typical Torque Analysis

In-Service Flignt Data Form
In-Service Returned Information

SAR Training Questionaire

O Y




12-1i - !

' LOAD FIGURE 1 1
£
i
Hypotheticil S/il Curve (4 Parameter Type) . 3
>
!
A
FAR/BCAR
Safety
F
N\ Endurance i.init actor |
L.oads
“FHarnituge
103 166 10°
Pr of accurrence
No of Cycles to Fatlure
* 5000
{.OAD/QCCURRENLE
' Secs/hir
s
i
: 500 ~
!
‘ E ¢ .
10000 .~ 20000 _x enne 1Bt an
1 OSCLLLATORY LOAD .
) P %
4 H
; 3
L X .
{
3
i
: :
z P
i i i
I P




12-22

FIGURE 2

DIGICON.

MICROPROCESSOR CONTROL SYSTEM

@ High integrity/salf King sof
@ In-built non voletila memory

@ 1 amp outputs for actuator and relay drives

@ Low power ption and heat dissipati

@ Analogue back-up overspeed/overtemp
@ Inbuilt LP or HP pressure transducer

@ Growth capability on spare PCB within unit

@ Serlal 1/O for disgnostic snd on-line data exchangs

control

The ACE-85 range of fuil-authority general-
purpose digital engine controllers provide the
user with 8 pawsrful computer based on the
INTEL 8085 microprocessor and the twenty
years of control sxperience by HSDE.

The high performance design contained in the
rugged environmentslly protected unit Is
capable of meeting the most stringent require-
ments that today’s industrial ergines and
aircraft gas turbines demand.

The high reliability and integrity is achieved
by using well blished quality comp ts

‘along with specially developed self-checking

software. Modular construction using mutti-
layer p.c.b. techniques and film wire inter
connections contained within a. aluminium
alloy cast housing contribute to the integrity,

i bility and Ii fow cost of the unit.
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FIGURE 3

LYNX/WESTLAND 30 TRANSMISSION SYSTEM

Engines

Tail rotor

GEAR TiTLE

1 nput Pinron

2 Input Pivon

3 Laytheft Wiieel
4 Layshalt Whee!
5 Layshatt Pinon
g Levthats Pinion

Quiput Gear

8 Outout Gear

9 Bevel Driver M B Input
10 Sovel Otiver, MG 8 lnput
15 Bevel Driven. MG B input
12 Bevel Orven, MG B Input
:2 Con’srmal Pivion
18 Cont

Plnion
18 Tiansfer Spur - Drives
17 Tronsfer Spur = Driven
18 Transler Spur - Driven
19 Tronsfer Spur  Kdler
20 Conlorr.al Wheel
21 Bevel Driven 710
22 Bevel Diven T10
23 iInter G B Ouiput
24 inter G B Inpul
25 a0 G B Ouiput
26 a0 G B Ouiput
27 Laythet £ an Orive Guar

GEAR TITLE

28 Layshett Fo: Drive Gaor

29 Fon Drive ldter Goor
30 Fan Drive idler Goat
31 Fon Drive idher Qoar

49 Generstor Spur
60 Generator Spur
$1 Idier Spur
82 idter Spur
53 later Spur
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FIGURE 4

WESTLAND 30 TORQUE MONITORING SYSTEM

~SOFTWARE CALCULATES LIFE CONSUMED

-FLAGS OVER TORQUING FOR MAINTENANGE
ACTION

150%

TYPICAL SIGNAL

100%

TORQUE BANDS

50%

0% .
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FLIGHT TIME
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table 2
PROFORMA
SEA_KING MK 2/5
Mk 5
All times in Minutes opty
i 2 3 4 S 6 ki
a | Sortie Type TRAINING | TRAINING | TRAINING o
GENERAL ASH ASW ASW 2 SAR VERTRE?
b | Sortie Dur‘at!onm‘s 1.00 2.00 1.00 4,00 4.00 3.00 2.00
c | Max AUM I 19500 19700 19500 20500 21000 20000 21000
d | No. Rotor Starts 1 1 1 1 1 1 1
e | No. Landings 20 1 i 1 i 1 5
f | No. Decels or i
Flares to Hover 5 20 2 18 5 4 30
£ | Total Time in
Hover and Low 20 min 50 min 05 min 1.00 hr | 20 min 15 min 50 min
Speed Manoeuvres
h | Time Hovering
into Wind 15 min 40 min 3 min 45 min 15 min 12 min 40 min
(+ 20° on Nose)
J | Time in Sideways
Flight to Stbd 2 min 3 min 0 min 3 min 1 min 1 min 2 min
k | Time in Sidways
Filght to Port 2 min 3 min 0 min 3 min 1 min 1 min 2 nin
1 | Total Time in
Transit’ Flight 10 min 15 min 15 min 1.00 r | 1,10 hr | 2.00 hr 5 min
m | Speed kts 90 kts 100 kts 90 kts 110 kts |110 kts 110 kts 60 kts
n | Nominal Alt.it,ud?t 1000 750 3500 1000 2000 1000 500
p | Time 'on Station’ 50 min 1.45 hr 45 min 3.00 hr | 2.50 hr | 1.00 hr | 1.55 hr
q | Average Speed Kts 50 kts 60 kts 60 kts 60 kts 75 kts 60 kts 60 kts
r | Nominal ‘.u;it.ud& 500 200 3500 200 2000 1000 200
T‘% 24arks and
i Additional Details | g = Approx average between exercise speed andg hover
e Number Sonar except column 7 which i{s the average spece for
Dunks 'Sonobuoys' transit with an underslung load
Wt of Underslung .
Load B
wa ;
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SEA KING HK 3

RECORD OF SIDEWAYS FLIGHT DURING DECK WINCHING EXERCISES

table 3

NOTE : It {s very important that the speceds, times and weights you record

below are those which apply ONLY to the pr

i~ which you were in SIDEWAYS FLIGHT.

3 during deck winching

TIME IN MINS SPEND IN AVERAGE

SIDEWAYS FLT AT WEIGHTS | WIND SPEED | SIDEWAYS FLIGHT DURING:

TOTAL TIME (MINS)/AV SPEED (KTS) FOR

IDATE

< 19,500 < 20,500 } KTS STANDARD | ODD DECK | ODD DECK | DOWNWARD
BUT > 20,500 DECK STBD PORT ODD DECK
(1) (11) (111) v} (v} {vi) (vif) {vii§)

Notes of explanation for
WHL:

Time at weights
< 19,500 1bs is
calculated by

exception/ §

o[t

Wind Direction

Adrcraft Track

r column,

Aircraft moves in direction shown by
diagram in particula

12-17

AK.MW‘-EM R SSPHPRPr

o,

%,

e




el o

ROV

ALEINETPPRTENE 5-SIINIT: Ky e W o7 o

SESSION II - FATIGUE ASSESSMENT & COMPARATIVE RESULTS
SUMMARY RECORD

by
G R Grsham
Department of National Defence
Ottawa, Ontario, Canada

The presenter of paper No 8 was asked if the seasonal variation in damage rates
reported indicated that fin loading was primarily due to gusts: he agreed that this was
the case. 1In response to a comment on the adequacy of the highest sampling rate used (28
samples/sec), the rate used was subjecc to the limitations of the data collection system
available, and was therefore something of a compromise.

The discussion on the CF-5 vertical stabilizer programme covered the flight
programme itself, the observed spectrum, and the relative sensitivity of strain gauges
and the mechanical strain recorder (MSR). The test sorties were flown by a Canadian
Forces test pilot who was familiar with sguadron operaticas; he was instructed to
exaggerate the use of rudder in the short-term trial in order to establish a conservative
a3t of results. Comment was made that this instruction was omitted from the longer-term
pregramme of flight trials and that the observed agreement between short and long-term
trials was therefore a matter of chance.

It was observed that the f£in load spectrum was not symmetrical. No special
investigation had been mounted to establish the reasons for thlc phenomenon, but it was
believed that turns in one direction were more frequent, for operational reasons.

The short term programme showed a greatein sensitivity to small amplituGe cycles,
since the strain gauges fitted to the tail structure were more sensitive than the MSR
response. No attempt was made to correct for this truncation effect. Short crack
effects were assumaed absent, and the Forman equation and Willenborg retardation model
were used in analysis. In response to questions on the perfcrmance of the MSR, the
author observed that the instrument performed quite well at the outset of the programme.
However, as time went on the quality of the trace deteriorated, and difficulty was
experienced in reading the tapes, together with appreciable processing delays and data
loss.

Similar questions on experience with the MSR were directed to the author of Paper No
10, Here again, MSR results had not been good, certainly not as good as with European
users. A US speaker commented that USAF is abandoning use of the MSR, because
maintenance difficulties and the expected greater reliability of microprocessor-bis *
systems.

A strain gauge-based system was not considered for the F-16, possibly because of the
perceived 1limited reliability of strain gauges, but also because a relatively cheap
gystem was required. Costs were kept down by recording parameters which were already
measured by existing instrumo:tation. In subsequent discussion on the large number of
parameters mentioned in various papers presented during the session, it appeared that
almost all recorded parameters are used in some loads computation, although considerable
scepticism was expressed in some quarters about the dependability and accuracy of such
load predictions, taken across the complete flight envelope ar? Sor widely varying
aircraft configurations.

Comment was made on the number of aircraft £in problems mentioned during the
session, suggesting that there may be a deficiency either in design requirements or in
quality of design for such structure. In reply, one speaker felt that the observed
problems were more related to fatigue than to static strength. They appeared to stem
elther from inadequate 1load spectra or from changes in the operational environment for
the aircraft in question.

The operational usage of new fighters is increasing the effects of unsteady
aerodynamics. Questions were raised on what sampling rates were required to define
adequately the load histories for major structural component~. It was suggested that
feasible rates were largely a function of the aircraft type being surveyed. Space is not
a problem on large aircraft, and recording equipment with very high response rates can be
installed. However, space limitations on small fighter aircraft significantly affect the
capability of the equipment carried. Unfortunately, the requirements may be more
pressing on the smaller, more agile aircraft.
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The two helicopter papers showed a considerable commonality of view, reflec.ing the !
considerable difficulty in acquiring and oorrelating the large number of parameters
needed, and the special problems of high vibration level’s and transfer of data across '
rotating bearings. Comment was maca that the US Army experience in South-Bast Asic
indicated that helicopters are being subjected to loads outsida the design envelope. The
question was raised as to whether this situation was acceptable under war-like
] . conditions, or should design requiremants be re-evaluated?

| In subsequent discussicn it was agrezad that pilots are bound to try and gat the best
operational performance out of their machines (whethe: rotary-wing or tixed-wing).
Accepting that there will be a limited number of excursiond beyond the nominal
' operational envelope, it appeared necessary to design with some form of durability
allowance built into the structure, to allow for suchh usage. National practice varied
gomevwhat hare.
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EVALUATION OF OPERATIONAL LOACS TO VERIFY STRUCTURAL DESIGN
b

Y
H. struck and H. Balke®
Load Criteria Sect.on
Messerschmitt-B8lkow-Blohm, UTE243
Hiunefeldstr. 1~5, D-2800 Bremenl

SUMMARY

A method of load evaluation derived from operational manceuvres in addition to the
design requirements applied will be presented. The method is based on the hypothesis
that all manoeuvres trained and flown by the Air Force are standardizable. Some rele-
vant parameters have been chosen that are suitable to describe the manoeuvre time histo-
ry sufficiently with respect to lcad analysis.

For two fighter aircraft and a few manoeuvre types the standardization of manoeuvre
parameters will be demonstrated. By means of standardized manoeuvres the correlated pa-
rameters necessary for deriving structural loads, including control surface deflections,
are determinable.

Operational loads on main structural components have been evaluated by applying a
manoeuvre model. In conclusion a comparison of extreme operational loads evaluated with
the manoeuvre model and those determined by the design requirements (MIL-8861) will be
given.

1. INTRODUCTION

Alrcraft structures are designed in accordance with the relevant regulations and ba-
sed on a philosophy defining the load level so as to cover all loads expected in servi-
ce. No explicit mention is made of the correlation between design loads and loads in
service. In practice, manoeuvres, especially combat manoeuvres, are flown in accordance
with given, practiced rules that lead to a specified motion of the aircraft in space.
This fact gives rise to the idea of analysing the manoeuvres and deriving loads from
them.

In Germany, an wvaluation of Combat-NATO-Manoeuvres is being mede with the aim of
deriving operational loads by analysing measured parameters in operational flights. The-
se parameters include the time history of the aircraft response and the control deflec-
tions. The flights have been performed at the test centre of the German Air Force on
two aircraft. The evaluation of the manoeuvres is sponsored by the Ministry of Defence
and will be continued.

wWithin the scope of this evaluation, an attempt is made to f£ind a way of load analy-
sis from operational manoeuvres in addition to the applicable design specifications.
The evaluation is based on the assumption that it should be possible to standardize the
manoeuvres trained and flown by the Air Force.

This means in detail that it should be possible to find a standardized time history
for each type of manoeuvre, which is independent of the extreme values of the relevant
parameters. Based on this assumption, it was analysed how the evaluation of structural
loads could be .zalized after previous standardization of manoeuvres.

2. STANDARDIZATION OF OPERATIONAL MANOEUVRES

The parameters of the aircraft motion should be chosen in a way that recording and
evaluation cause minimum expense. This can be achieved by using parameters available
from the gyro or other existing systems of the aircraft, for example the attitudes
(Euler angles) and/or angular velocities (roll, pitch, and yaw rates). 1In this evalua-
tion, 3 attitudes (angle of pitch, bank, heading) and the load factors (vertical and la-
teral) have been analysed with respect to the feasibility of deriving design loads in
this way.

The question is, which are the response parameters to start with? Three posibilities
were investijated:

Attitudes: Angular rates: Load parameters:
angle of bank [4 roll rate p load factor n,
angle of pitch ¢ pitch rate g load factor n
angle of yaw v yaw rate r roll rate p

additional:

pltch rate q

yaw rate r

¢) under sponsorship of the German MOD
and Contract Nr. T/RF 43/.../A1413...C1451
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Fig. 1 shows the flow diagram of the data analysis. With all three input sets it is pos-
sible to

~ complete the aircraft response parameters

- derive control deflections

~ determine structural loads

In this paper the lcad parametexs as input have been applied.

Because several manoeuvres of the same type are different in amplitude of motion and
in manceuvre time, for a requisite comparison a two-dimensional normalization is necessa-
ry. In Fig. 2 the procedure of normalization is illustrated. The crdinate presents one
of the parameters of motion (y = ¢, nz, p,...) for several manoceuvres of the same type
(Y1 Y2++..). These parameters are normalized by relating them to the maximum value
which has occurred. That means the maximum value of each normalized parameter becomes
¥ = ¥q(max) = yY2(max) = 1.0. The time is presented by the abscissa (t), whereby the
executing manoeuvre time is marked by t4 respectively t; for several manoeuvres. The

noxmalization is accomplished in a way that
~ firstly, the manoeuvre time is chosen as the value 1.0
{t; = t2 =T = 1.0)
- secondly, the extreme values of the relevant parameters
coincide at the same normalized time.

"
4

MEASURED PARAMETERS
Yy =0,0,¥.p.q.r,a,B,nz,ny = tit)

|

4

NORMALIZATION ) SO g
Y= t(T)
I 4
] INPUT ] ’
t
I I l 2 & ‘ L] 1] 1]1
" v t2
Atnitupes - | 2 MR LOAD
283 PARAMETERS ol
!
.0,V q.r nz.ny,p (q,r) fi
4 { I/
J l I // S 1
[ MANDEUVAE MODEL ] EREE
FIG.1 POSSIBILITIES OF RANALYSIS F16.2 NORMALIZATION OF PARAMETERS

After normalization of the parameters measured the arithmetic mean values for all manoeuv-
res of the same type will be formed and corrected with respect to the steady state at the
end of a manoeuvre. For demonstration of the normalized parameters and the formed mean
values the results are plotted for the High-G-Turn manoeuvre in Fig. 3.1 - 3.8,

The mean values of all normalized parameters for all manoeuvres have been formed in

combination with smoothing of the time history. For reasons of compatibility, the nor-
malized data have to be tuned, that means the relation between Euler angles and angular

rates is verified with the equations:
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The result is the standardized manoeuvre containing the parameters:

- attitudes dr 60 v
- angular rates Pe d» X
~ load parameters Nz, Ny

The standardization procedure is shown in Fig. 4.
dized parameters are presented: - High-G-Turn

- High-G-Barrel-Roll o.T.

For two NATO-manoeuvres, the standar-
in Fig. 5.1 - 5.4
in Fig., 6.1 - 6.4

This standardization procedure has been applied to a second type of aircraft for the sa-
For the High-G-Turn manoeuvre, the comparison of the main pa~

me operational manoeuvres.
rameters has been plotted:

- symmetrical paramecters n,, q in Fig. 7.1
- roll parameters é, P
- yaw parameters ye T

in Fig. 7.2
in Fig. 7.3

In general, good agreement for the relevant parameters could be found.

MEASURED PARAMETERS
Y 20,0,V.p.9.1.a.8.nz, ny = £(t)
NORMALIZATION

Y = £(T)

.

MEAN VALVES
AND
SMOOTNING

TUNING

RELATION BETWEEN
EULER ANGLES AND ANGULAR RATES
9, 0.V pP.q. T

¥
STANBARDIZED MANSEUVRE
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3. MANOEUVRE MODEL

The procedure of the manoeuvre model is shown in Fig. 8 as a flow chart. As input,
standardized parameters are used. First, the boundary conditions have to be determined,
that means

- 8!
. manoeuvre time, THan

~ maximum load factors, nj, ny
- maximum bank angles, ¢

Using the standardized parametexs the transformation into recal time is performed. In or-
der to do the response calculation in the conventional manner, the control deflections
are determined in the following simple manner: }

= roll control E ,by applying roll- and yaw equations !

-~ pitch controly ,using the steady pitch equation taking into account the
symmetrical aileron deflection

- yaw control {,by applying sideslip- and yaw equations

The response calculation is done in real time, but for the purpose of checking the results
with respect to the standardized manoeuvres, the response parameters are normalized.

In a comparison of the parameters between input and output of the manceuvre model, the 1
standardization is checked. In the case of conformity of main parameters of the response
calculation with the standardized parameters, the output-parameters are considered to be
;erified. These verified data represent the model parameters for structural load calcu-

ation.

P

In Fig. 9.1 - 9.4 the comparison of normalized parametexs for the High-G-Turn manoeuvre
is shown. { s
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4. DETERMINATION OF EXTREME OPERATIONAL LOADS

The verified standardized parameters of the manoeuvre model are to be considered as a
manoeuvre with mean parameters. For deriving the extreme manoeuvres, the main parameters
of the manceuvre model are scaled up to the extreme values to be obtained. The extreme
valueg can be assumed with reference to design parameters required by specifications
(MIL-Spec.) e.g.

~ vertical load factor for rolling pull out

- maxtimum roll control deflection attainable at the manoeuvre
egpeed to be considered.

TMAN, Is) nz ny ¢ (*]

moan | extr, | msen | exir. | mean | extr, | moean | extr,

FULL RILERON REV 10 11 5.0 6.5 | 0.4 6.5 100 | 100

HIGH-G~BARREL ROLL OX. 20 5.6 4.0 S.0 ; 0.12| 0.3 360 | 360

HIGH-G~BRRREL ROLL UN 20 6.8 3,5) 4.5 | 0.12| 0.4 360 | 360

HIGH-G-TURN 8 5.3 s.0! 6.5} 0.25| 0.5 S0 90

ROLLING ENTRIES + 1? 2.5 5.0

6.5 | 0.15 0.4 100 { 100
PULL OUT l

TABLE * MODEL PARANETERS FOR LOAY ANALYSIS

Tabl2 1 shows the mean values and the assumed corresponding extreme values fcr the manceuv-
re time ‘Tuan)' load factors (ngz, ny) .the angles of bank (¢).

For determination of the extreme parameters the maximum values of the mean parameters
for the 5 analysed manoeuvres have been scaled up to the load factors required by
MIL-8861 for rolling pull out. The determination of the extreme manceuvres is periormed
2{ the(s:me gfocedure as for the mean manoceuvres, but applying extreme boundary condi-

ons (Fig.
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B8xWRp BENDING RIGHT WING ROOT
B8xWR, BENDING LEFT WING ROOT L
By RF BENDING LATERAL REAR FUSELAGE
Ry RF BENDING VERTICAL REAR FUSELAGE ;
Z HT SHEAR HORIZONTAL TAIL 1
Y VT SHEAR VERTICAL TAIL

FIG.10 STATIONS FOF ' OAD ANALYSIS

For the extreme manceuvres the loads on the fcllowing main structural components
have been analysed as shown in Fig. 10.

-~ bending right on wing root i
~ bendiny left on wing root
bending vertical on rear fuselage
bending lateral on rear fuselage
shear on horizontal tail root
shear on vartical tail root

Por the High-G-Turn manc cuvre the extrema operational manoeuvre parameters are plotted

in Fig. 11.1 - 11.4, the extreme pcrational loads in Fig. 11.5 - 11,7, and the control

deflections in Fig. 11.8., The parameters and loads are plottad as norralized values.

ggt the normalization the values ars related to the maximum valuecs indicuted in the
agrans.
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Up to now the evaluation of operational manoeuvres has been performed for the follo-
wing 5 manoeuvres:

full aileron reversal
high-g-barrel roll over the top
high-g-barrel roll underneath
high-g-turn

rolling entries + pull out

The control deflections plotted in Fig. 12.1 - 12.3 show an interesting course for the
five individual operational manoceuvres. In three manoeuvres alternating control deflec-
tions have been found, especially roll and yaw controls.

In detail: Numhers of alternating deflections
alleron rudder

high=g~-turn 4

full aileron reversal 3 3

rolling entries 2 2

The control deflection course in high-g-barrel rolls occurs in one direction only. For
all manoeuvres the pitch control deflections show a moderate course.

Concerning thr vertical load factor shown in Fig. 12.4, the course alternating the
most is caused by the rolling entries and the full aileron reversals. In Fig. 13.1 -
13.5 the structural loads on main components versus manoeuvre time are plotted. Looking
for correlations and alternations the following facts may be stated.

- the wing root bending correlates to the vertical load factor
(Fig. 13.1 and 12.4)

- the lateral bending on the r‘:ar fuselage shows a simular t:me course as
the load on the vertical tajl
(Fig. 13.3 - 13.5)

- the horizontal tail loads changing the most are found at rolling entries
and full aileron reversal manoceuvres. During these manceuvres two load
peaks occur consecutively
(Fig. 13.4)

- the vertical tail loads alternating the most are obtained at full ailexon
reversal and hig-g~-turn manveuvres (Fig. 13.5). For each of these manoeuv-
res at least four load peak: can be counted.
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f 5. COMPARISON OF EXTREME OPERATIONAL LOADS WITH DESIGN LOADS REQUIRED BY MIL-8861 '

In the design requirements [3] several flight conditions are specified, distinguishing

between
] - symmetrical flight conditions - pitching manoeuvres
! - asymmetric flight conditions - yawing manoeuvres
= rolling manoeuvres
, For these manoeuvres, the displacements of the cockpit control are specified. Fig. 14
shows in a sketch the loagitudinal, lateral, and directional control displacement time
history. For comparison, the vertical load factor and the structural lcads on the main J

components f{or all MIL-manoeuvres have been calculated. The results are plotted in the
; same manner as for the operiational manoeuvres.

o

In Fig. 15, the load factors are presented. At a glance, a moderate course of the
load factor during all manoeuvres is evident. Fig. 16.1 - 16.5 show the loads on the
wing, rear fuselage and the tail planes where the load factors and the loads have been
normalized with the design values, e.g. n, (design) = 8.0 equalling 1.0

In table 2 the maximum values of the main load parameters, the structural loads
for MiL-Manoceuvres, and the extreme operational manoeuvres are presented. The main pa-
rameters are absolute values, but the loads have been normalized by the design loads.
This summary showg that the extreme operational structural loads are lower than the
design loads specified by MIL-8861. The load level is about 66 % of the symmetrical
pitch manoeuvres, respectively 60 % of the unsymmetrical rudder manoceuvre. But the
frequency of control deflections and of structural loads for operational manoceuvres is
higher than the frequency that results from design requirements.

nz Ny [ B BxUR | ByRF | B,RF ZHT | YuT
max. | min. Cos) el
i ROLL 180° 0.80| -3.2|0.53 |203 | 3.6 | 0.22]| 0.37 | 0.62 |-0.38] 0.S3 i

ROLLING PULL OUT 6.50 | +3.9{ 0.55 {124 | 4.7 | 0.97]| 0.31 | 0.88 | 0.54} 0.77
ROLL 360° 1.30| -1.1] 0.28 {210 1.8 | 0.3410.33]0,35 |-0.18} 0.27
RUDDER KICK 1.10| +0.5| 0.83 | 20 | 7.5 | 0.18}0.03|1.00 | 0.08| 1.00
ABRUPT PITCHING A 8.0 | +0.8] 0 0 0 ‘ 1.00| 1.00 | - 1.00] -
ABRUPT PITCHING /N | 8.0 | +0.5| © 0 8 1.00| 0.52 | - 1.00f -

FUIL.L AILERON REVERSAL | 6.5 | +0.5| 6.43 |123 | 4.1 | 0.66) 0.22 | 0.63 [0.53 [0.61

HIGH-G-BARREL ROLL OT.| 5.0 | +0.6| 0.25 |177 | 2.0 | 0.51] 6.21 | 0.48 |0.44 |0.40

t
g HIGH-G-BARREL ROLL UN.| 4.5 | +0.7) 0.40 J164 | 2.7 | 0.46| 0.40 [ 0.55 {0.40 [o.52
1 ; HIGH-G-TURN 6.5 | +0.3| 0,50 [132 | 4.2 | 0.65| 0.30 | 0.54 |0.56 |0.56

3 ROLL ING ENTRIES + 6.5 | +0.8] 0.40 |133 | 1.9 | 0.64| 0.27 } 0.52 |0.57 [o.48 i
1 PULL OUT
3
P

' :

TABLE 2 MAXIMUM URLUES OF MAIN LOAD PARAMETERS AND STRUCTURAL LORDS
; ? MIL - MANOEUURES ~ EXTREME OPERATIONAL MANDEUURES
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6. POTENTIAL ASPECT3 FOR FATIGUE DESIGN

Fatigue load prediction and monitoring is only as good as the knowledge of the magni~-
tude and the frequency, namely the load parameters espected and monitored in service.
The potentiality of the manocuvre model allows the realization and the evaluation of
long~time measurements of the relevant parameters. The recording should include all
fatigue-relevant data, such as mass configuration (weight, C/G, external stores) and the
data describing the flight profiles (speed, altitude, flap setting). For standardized
manoeuvres, the manocuvre model makes available

- the time history of the main parameters and the loads on the
main structural components

- the correlation of the main parameters and the loads

The spectra of relevant parameters for several operational manoeuvres can be determined
by systematic measurements ade in service. Applying the manoeuvre model and the para-
meter spectra, the resultant load spectra for the expected mission of an aircraft can be
established. That means the manoeuvre model can be applied for fatigue load prediction
and fatigue monitoring as well.

7. CONCLUSION

For the manoeuvres evaluated a standardization of relevant parameters of motion is
feasible, and the results can be made compatible with the equationus of motions by
smoothing and tuning. It could be shown that the standardization is in agreement for
the evaluated operational manoceuvres flown by a second aircraft typ:. The parameters of
the standardized manoeuvres are used in a manoeuvre model for the detcrmination of the
control deflections.

In the manoceuvre model, the mean values or the extreme values of parameters and the
structural loads can be ascertained. For five operational manoeuvres, extreme structu-
ral loads on main components are presented and discussed. A comparison of the extreme
operational loads evaluated with the design loads required by MIL-8861 indicates modera-
te load sequences but higher load levels for MIL-manoeuvres.

The present state of evaluation has led to the following results:

- the manoeuvres evaluated can be considered as Standard Manoceuvres in
normalized t.me and amplitude for parameters of motion

= the time history of relevant parameters including control deflections
and thus loads occuring during operational manoeuvres, can be determined

-~ the relationship of operational parameters ard loads acting on individual
primary structural components has been verified

~ the extreme operational loads are determinable by applying main load
parameters as specified in the regqulations e.g. nz(max), P(max) etc. or
by extreme value distributions measured in service

In conclusion the statement can be iiade that the measurement of few relevant parameters
of motion is sufficient for standardized manoeuvres to derive design loads for static
and fatigue design. The evaluation might be improved by:

- availability of a greater number of in-flight manoeuvres measured for
each manceuvre type flown by several aircraft including those with active
controls

~ evaluation of other manoeuvre types, if possible all Standard NATO Ma-
noeuvres applying the manoeuvre model

- systematic recording of relevant parameters in service will permit spe-
cific load evaluation for static and fatigue design for various manoceuv-
res and/or missions.

This is a first step towards determination of loads from operational data in service
while keeping expences at a justifiable level., The results obtained so far encourage us
to continue the investigations, with improvement of recording and evaluating accuracy
being clearly possible.
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TUTOR TAIL FLIGHT LOAD SURVEY

SUMMARY

An in-flight structural failure of the Canadair Tutor aircraft horizontal
tail fitting resulted in the initiation of a joint Canadian Forces/Canadafr
flight load survey. An instrumented test aircraft was flown to the extremes of
its structural envelope, and strains were recorded at 43 different locations on
the rear fuselage and the empennage of the aircraft.

This report describes the test instrumentation used, the calibrations
performed on the test article, and the resulting formulation of load equations
for estimating shear, bending moment and torque at various locations on the rear
fuselage, the vertical and the horizontal stabilizer. The various missions and
manoeuvres flown to gather the necessary data are discusserdi, as well as the data
acquisition, verification and reduction methods.

1.0 INTRODUCTION

On the evening of May 3rd, 1978 a Canadair Tutor (CL-41A) crashed
while engaging in the aerobatic performance as a part of the air show in Grand
Prairie, Alberta, Canada. Specifically, the crash occurred while the afrcraft
was executing a manoeuvre called the Level Triple Roll at an altitude of 300
feet above ground level. The pilot died in the accident.

The subsequent accident investigation identified the cause factor to
be the failure of the horizontzl stabilizer attachment fitting in the Tee tail
of the aircraft (see Pig.l). The failure resulted from the fatigue crack
originating at the radius (point A in Fig. 1), which had weakened the €itting to
an extent where complete separation occurred during the application of the
manoeuvering load.

This distressing event raised suspicions in the minds of many that the
aeroplane may be structurally deficient to safely withstand its current usage,
and that a more thorough investigation of the operational loads, as well as of
the airframe strength may be necessary. Thus an ambitious program was born,
tailored specifically to evaluate the flight load environment of the aircraft,
to be followed by the fatigue and damage tolerance analyses of the critical
areas in the structure.

To confirm the requirement for such a program a preliminary flight
load survey was conducted by the Canadian Forces Aerospace Engineering Test
Establishment (AETE) in Cold lLake, Alberta (Ref. 1), This survey, which took
approximately 10 weeks to complete, had two objectives to fulfill. One was to
identify those flight manoeuvres which caused high asymmetric loads in the
horizontal tail, and the other was to measure the relative magnitude Gf these
loads for both the aerobatic display role and the training role. Both
objectives were satisfactorily met and the results indicated that certain
manoeuvres did indeed produce high rolling moments, the maximum recorded being
110% of the design limit, and was achieved in the four-point roll.

The Canadian Forces (CF) operate a sizeable fleet of Tutor aircraft in
the training role. Also, the same aircraft type is used in the air display
role. About 45% of the training fleet aircraft is cquipped with counting
accelerometers and recorders for the purpose of collecting "G" exceedance data.
All of the Snowbird Aerobatic Display Team aircraft are equipped with the same
system. To date the computer data bank contains approximately 107000 hours of
data collected over the years (Ref. 2). This data, which is continuously
updated, is used to periodically calculate the remaining fatigue life of the
Tgtor wing root, hitherto considered to be the most critical area in the
airframo,

2.0 PROGRAM OBJECTIVES

The accident at Grand Prairie indicated that the wing root may not be
the most critical area. There could be other areas, more severely stressed
under certain loading conditions, that needed investigating. Accordingly, the
decision was made to concentrate the program on the rear fuselage and the
empennage of the airframe,

The program objectives were: - (Ref. 3)

a) To confirm by means of a flight load survey the maximum design limit
loads used in the structural analysis of the CL-41A aft fuselage and
empennage structure.

b) To establish for the various mission profiles of the CL-41A the
frequency of application and magnitude of the loads applied to the aft
fuselage and empennage structure.
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The detall objectives of the load survey was to:-

a) ?etermine loading conditions which produced the critical structural
oads.

b) Determine and define suspected new critical loading corditions.

c) Determine the frequency and magnitude of the loads for the various
manoeuvre profiles of the CL-4]A.

d) Verify the structural loads used in the airframe design.

Essentially the program, which became a joint CF-Canadair venture, was
broadly divided into three phases:

a. Phase One. The design of the instrumentation and application of the
strain gauges to the test article including the
calibration; a responsibility of Canadair Ltd.;

b. Phase Two. Preparation of the test program, actual test flying and
data acquisition; a responsibility of CF; and

c. Phase Three. Data reduction and subsequent fatigue and damage
tolerance analyses; a responsibility of Canadair Ltd.

This paper presents the various steps performed in order to reach the
stated objectives.

3,0 INSTRUMENTATION

Canadair identified 108 different locations for possible strain
monitoring. Each of these locations received two strain gauge bridges, one
primary (or main), and one secondary (or back-up). Two different types of
strain gauges were used depending on the kind of loading anticipated in a given
location: the end load type for tension, compression and bending such as in
sparcaps and flanges, and the shear load type for shear and torsion in webs,
skins and torque tubes (Ref. 4), The bridges were installed at the zones shown
in Pig., 2. An example of bridge location is shown on Fig. 3.

Flight Parameter Recorders

The right hand seat in the cockpit of the test aircraft had been
removed in order to install the Standard Alrcraft Instrumentation package
(SAIS). The SAIS consisted of the following main components (see Fig. 4).

a. Signal Conditioning Units (SCUs)

b. Power Distribution Centre (PDC)

c. Pulse Code Modulation (PCM) Encoder

d. Control Panel

e. Precision Power Supply (PPS); and

f. Bell and Howell MARS 2000 Tape Recorder.

The general layout of the Tutor SAIS is shown in Fig. 4. The wiring
harness extended to all areas of the aircraft where sensors were mounted. The
signal conditioning Printed Circuit Boards (PCBs) were designed and produced by
AETE's Flight Test Instrumentation Section. Power to the SAIS installation was
provided through the two static inverters and a Power Distribution Centre and
was controlled independently of other aircraft systems through the
instrumentation package control panel. The PPS package provided a stable and
precise power for transducer excitation and to the SCUs. The Programmable Data
Acquisition System (pDAS) was a Pulse Code Modulation (PCM) encoder capable of
encoding 128 parallel signals into a serial PCM digital signal for on-board
recording and telemetry transmission to a ground receiving station. The pDAS
was programmed to record 74 measurements in addition to time pulse at a rate of
66.5 samples/sec with 11 bits per word for a resolution of 0 to 2047 (Ref. 5).

In addition to the above instrumentation, a separate Flight Test
Monitoring Unit (FTMU) was designed and manufactured by AETE specifically for
this program. The purpose of the FIMU was to allow project engineers to monitor
the missions by providing to them instantaneous information via telemetry on
flight parameters and the resulting loads acting on the rear fuselage and the
empennage of the test aircraft. Such data reduced the risk of dangerous
manoeuvres and minimized flyfng mission time by instantaneously indicating to
the engineers whether or not it is safe to proceed to the next test point,
without having to land the aircraft to analyse data before proceeding. The
information on specification and design details of FTMU can Se found in Ref. 5.
The test alrcraft was also equipped with a nose boom, which provided static and
dynamic pressure, angle of attack and side slip data.
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4.0 LOAD CALIBRATION "ﬁ N

Canadair Calibration l

In order to determine the correlation between the bridge readings and
the external load, a load calibration was carried out (Ref. 6), This
calibration consisted of applying Joad at various lccations listed in Table 1.

The load was applied using one or two manually operated hydraulic
jacks. Each jack was fitted with a pre-calibrated load cell.

For each loading point the maximum load to be applied was previously
determined to avoid any structural damage. In order to account for the
hysteresis of the structure and/or the gauges, an "exercise” run was done before
the actual calibration. This "exercising® consisted of applying the maximum
load on the loading point and coming back to zero, The calibration loads were
applied in 3} increments covering 3 full cycles. Each calibratfon increment 4
represented 20% of the maximum load applied. The bridges and load cells outputs
were recorded at each of the loading increments. To ensure that the operations
were progressing normally, an output hand-check was performed on selected
bridges.

"

] The recording equipment consisted of: ]

1 Bruel and Kjaer Strain Indicator (Type 1526).
. 1 Bruel and Kjaer Multipoint Selector and Control (Type 1544),
10 Bruel and Kjaer Multipoint Selectors (Type 1545).

This equipment read the load cells and bridges output and directly
converted it into indicated strains. The data was then checked for overflows
and stored on a Hewlett~Packard HP-9825A cassette.

Bach cassette contained 6 load cases or 198 files. This was then
transferred, with a Hewlett~Packard HP-1000 computer, onto a tape compatible
with IBM 370 tape drives which was used for data reduction.

AETE Calibration

The AETE ground calibration of the strain gauges was accomplished by
applying loads to the designated surface contact points using the load jig and
wiffle tree arrangement, The calibration loads amounted to 55% of the
anticipated flight loads. The calibration procedure : :vealed several
insensitive gauges which had to be replaced. This in turn necessitated
recalculation of the original load equation matrix, which now became Version
Two. Early into the flying phase, within the first three flights, it became
agparent that certain strain gauges were quite sensitive to the temperature and
carry~over effects, These sensitivities manifested themgelves through changes
in gauge zero points on the ground immediately following ongine starts, and
through erratic trends in shear and bending moment values obtained in flight.
Consequently, test flying had to be interrupted to conduct another temperature
survey of the gauges, but this time over a wider range than was done
previously.

5.0 BRIDGE SELECTION
The flight recording system limited the number of bridges to be read

to 43.
‘ : In order to select the more accurate bridges, the following criteria
were used:

Bridge Response and Linearity 1

The bridges were selected according to their response to the various
inputs. Gauges were chosen which had linear and adequate response and those
gauges which showed non-linear or negligible response were rejected. This
assumed that the gauge in question was expected to respond. For example, the
outboard gauges on the horizontal stabiljizer were unlikely to respond to applied
fin loads but were not rejected unless they also failed to respond to loads
applied in their region of the horizontal stabilizer.

Bridge Duplication

In some areas, bridges were only duplicating others and were kept as
replacements in the eventuality of a malfunction. bt

Temperature Sensitivity

. Even though the bridges were temperature self-compensating, some
bridges were affected by temperature variation. In order to detect this, two
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temperaturn surveys were carried out and only the bridges with minimal
temperature changes were selected.

Offget Limitation

In order to avoid difficult signal conditioning and noisy results, the
offsets were limited to 15 mv,

Carry-Over Effect

Some bridges on the horizontal tall were affected by a loading applied
on the opposite side of the tail. These bridges were not used,

Of the 216 initially installed bridges, 10 were rejected by Canadair
in the initial temperature survey for oversensitivity, 11 were found not
functioning under lo.d calibration, and another 17 had to be rejected on the
grounds of overly critical offset effects. Of the remaining 178 gauges, 43 were
surveyed over a wider temperature range (20 C degrees) resulting in the
substitution ¢f another 12. Analysis of the calibration data and the results
obtained in the first three test flights before flying was terminated, indicated
that significant carry-over effects were still present. Several procedures were
considered to eliminate this undesirable phenomenon, such as in-flight
temperature soak and roller coaster flight technique to establish a test zero
condition before and after each manoceuvre. All were judged unsuitable and
discarded due to the extra time requirement in a mission couflicting with the
endurance of the test aircraft. The difficulty was solved by the use of a
computer program which permited the determination of temperature sensitivity and
the carry over effect of each bridge. This resulted in a greatly improved
matrix of load equations {(Version Three).

6.0 LOAD EQUATIONS

The load equations were developed based on the calibration of
strain-gage installations on aircraft structures, The simplest relation between
the output of a strain-gage bridge and the loads (shear, moment, and torque) was
exspressed by the following linear equation (Ref, 7):

m

VG Ry #Cy Ry + evevuneat Cf Ry # sevnunent Cu Ry s T €y Ry

Wherce vV is the load to be estimated (Shear or Moment) i=1
Ry is the reading of bridge ¥,
and Ci is a constant for bridge #i.

A computer program had been developed to evaluate the bridge constants
and to resolve the above equation based on the theory defined in Reference 7.
This computer program also computed the probabls error of each load equation so
that the irrelevant bridges and redundancy 3212 ha eliminated. This allowed
the achievement of more accurate and reliable load equations.

The following load equations were derived for the rear fuselage and
empennage of Tutor aircraft:

a) Horizontal Stabilizer (Figure 5)

The load equations for Shear (F,), Bending moment (M/) and Torque (My
at Station 7 on the port and starboard, and at stations 30 and 54 on
the port side were produced.

)

As example, the total shear in 2-direction is calculated using the
following equation (Port side, station 7):

Fz = 0,18843 Rzlp + 0.65534 Rypp + 0.048491 R31P
+ 0.38388 Rges = 0.314457 Ryqp
b) Vertical Stabilizer (Fiqure 6)

The load equations for Shear (Fy). Bending Moment (M,) and Torque (M,)
at Station 15 were produced:

As example, the Bending Moment Equation is:
M, = 3.7029 Rogp * 3.9516 Rogp + 21,194 Ry7g
- 17.961 Rogg + 8.9268 Rgip = 7.6252 Rgop

c) Rear Fuselage (Figure 7)

The load equations for Shears (F, & F,) and Moments (M, My & My) at
fuselage Station 370 were produczd
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As example, the Torque Equation is:
M, = =2.0039 Rgg - 58.530 Ryj3p = 60.123 Rysg
~1,2554 RlSP + 8.0060 RlGP
7.0 DATA ACQUISITION

All data generated during the flight test phase was recorded on board
the test aircraft; and later suftably reformatted for reductic.: by Canadair. 1In
addition, svlected data wss transmitted through telemetry to the Flight Test
Monitoring Unit (FPTMU) located on the ground, for simultaneous real time
processing. As mentioned before, this was very useful to the project engineers
ceatrolling a missfon from the Flight Test Control Room {FTCR). It proved
invaluable from the flight safety point of view on several occasions, when any
of the load parameters approached dangerously clcse to previously estimated
limit load, or even exceeded it. On such occasions the test pilot was
immediately advised to terminate tho test €light and return to bage for
consultation. Each exceedance was carefully analyzed and the exceeded limit
load extrapclated to the "G" limit of the aircraft. The new design limit load
was thus established and the test point rsflown if necessary to confirm the
analysis. The higher design limit was allowed only when the Margin of Safety in
the corresponding critical area was positive. This approach was used on several
occasions to extend the limit load and allow the aircraft to fly a test point
which was on the limit of the "G" envelope of the aircraft.

Event Mazking System

An event marking system was designed into the data acquisition system
which enabled individual manoeuvres to he located on any data tape.

Flight Tasting

The flight load survey program consisted of operating an aircraft,
with an instrumented and calibrated aft fuselage and empennage, within the limit
structural design envelope to measure the resulting loads. The test flights
included the extremes of the envelope.

Flight testing was grouped into two main objectives: Military
Specification Manoeuvres and Mission Profiles. The ohjectives were to establish
through tests what loads actually existed in the aft fuselage and the empennage
of the aircraft during the limit conditions encountered in flight. All test
flights were flown during daytime under visual meteorclogical conditions. All
MIL SPEC manoeuvres were performed at the Primrose Lake Evaluation Range (PLER),
a Canadian Forces testing facility in northern Alberta. The missions were
continuously monitored by the Project Engineers manning the FTMU. All missions
were flown in clean configuration at the maximum forward centre of gravity,
except for one aft CG mission. The Snowbird formatinn profiles were flown out
of the Canadian Forces Base Moogse¢ Jaw, the team's home base. The actual test
flying commenced on 27th November, 1979 and was finally completed on 20th May,
1982. The program required 75 sorties and consumed 130 flying hours including
all the necessary calibration, test and ferry flights,

Military Specification Manoeuvres

All the basic manoeuvre requirements of MIL SPEC, MIL-A-8871A
applicable to the military trainer category were flown., These manoeuvres
included symmetrical pull-ups and push-downs with normal, abrupt, and azrupt
with checking inputs, rolls and rolling pull-outs, side slips, rudder kicks,
deceleration device extensions which were all performed at the forward C of G.
The manoeuvres of pull-ups, rudder kicks, and deceleration device extensions
were parformed at the aft C of G of the aircraft, Other manoeuvres were spins
with and without external tanks, spins with speed brakes extended, and inverted
spins. Refer to Tables 2 and 3 for more specific information.

Mission Profiles

The mission profiles (Ref 8) flown in this program could be divided
into three major categories: those flown in the training role, the solo
aerobatic role, and the formation aerobatic role. The training rolu missions
were flown in accordance with the Canadian Forces training guidelines and
consisted of the following profiles: Clear Hood, Formation, Cross-Country,
Navigation, Instrument, and Maintenance Test Flights (Ref. 8)., The two latter
ones duplicated actual missions flown by the Canadian Forces Snowbird
Demonstration Team during their air shows. Also, to make them as realistic as E
possible, the formation profiles were flown by the Snowbird team members using
the test aeroplane in the two most Severe formation positions, the Second Line
Astern and the Outer Right Wing. (Fig 8)
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8,0 DATA REDUCTION & ANALYSIS

8.1 Datc Verification

Cn receipt of flight load data tapes, a computer program verified the
following ftews:

Time

The information about starting and finishing time for any manoceuvre or
evant provided by the pilot was compared with the "Event Mark" {Ref., Section 7)
registered on the tape. This check gave assurance that the information stored
on tape corresponded to the specific manoeuvre or event expected,

Saturation

As mentioned in Section 3, the "PDAS" limit values were 0 and 2047,
When d~ca veached one of these vzlues, a plot of "PDAS value vs time" was done
(Fig. 9 & 1C), From this ploL, it was possible to determine {f the saturation
was caused by

1) Input Error (Spikes as in Fig. %)
In that case the corresponding data was rejected.
2) High Loads (Smooth curve ax in Fig. 10)

That saturation indicated that the maximum expected cutput had been
exceeded. The actual value could he extrapolated or the flight had to
be repeated with new limits for this bridoe.

8.2 Data Reduction

Manceuvre Flights

These flights were used to determine the maximum load to be used in
the static analysis.

For each flight, the maximum load registered for each location (Ref.
Section 6) was compared with the load used for the static analysis. When the
recorded load was higher, a new margin of safety was calculated, as explained in
Section 7.

Mission Flights

The mission flights were used to produce the load spectra for the
varfous mission profiles of the CL-4]JA. The flight data from AETE missions
(Section 7) were reduced event by event using a Rainflow and Peak Between Zero
(PBZ) counting methods (Ref. 9 and 10) to produce a load spectrum for each
event.

These spectra were then factored to suit the current CF usage and
combined to produce a total load cpectrum for an afrcraft mission. A further
combination was applied to give a load spectrum for each of the following
aircraft roles:

a. Trainer
b, Snowbird Formation (aerobatic)
c. Snowbird Solo (aerobatic)

The PBZ spectra were used for graphical comparison of the three roles
as shown in Fig. 11.

The Rainflow spectra, being more reliable, are used in the Fatigue and
Damage Tolerance Analysis. (Ref. 11 and 12)

9.0 RESULTS AND DISCUSSION

Almost from the very beginning of flight testing it became evident
that certain MIL SPEC manoeuvres would generate loads approaching or exceeding
the estimated safe load limits, in some cases substantially below the stated "G"
limits of the airframe. All exceedances were analytically investigated, and
where considered prudent, the safe load limits were extended to allow for the
repeat of the test point. 1In all instances except one the Margin of Safety was
greater than zero. The one exception was the vertical fin bending moment which
indicated a Margin of Safety of -0.06 based on a conservative analysis. This
occurred in the solo aerobatic profile, as a result of one manoeuvre, the abrupt
4-point roll, a manoceuvre which has since been discontinued. After considerable
thought it was decided to increase the safe limit based on the fact that a
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static strength test orn one of the prototypes dimonstrated adequate strength in
that area without failure, generating a Margin of Safety of 0.19.

In general the flight test phase of the program was considered

extremely successful. It indicated in many instances that the loads imposed on
the airframe at the extremities of the load factor (G) envelope were higher than
expectod by the manufacturer or the operator. The vast amount of data collected
during the ccurne of flight testing phase was turned over to Canadair for their
use in the Fatigue and Damage Tolerance Analysis.
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TABLE 1}
CALIBRATION DATA (Ref 3)

COMPONENT

CALIBRATION LOAD POSITIONS

Aft Fuselage Vertical shear, side shear, and torgue
applied at tail.

Vertical loads to produce shear, hending
moment and torque.

Horizontal Stabilizer

Side loads. Also a moment load applied
by means of the horizontal stabilizer.

Vertical Stabilizer
Elevator and Control At all hinge locations on the fixed
Rods surface and all control rods.

Rudder and Control At all hinge locations on the fixed

Rods ‘ surface and all control rods.

Dive Brake On the actuator support structure and
dive brake surface.

Miscellaneous Horizontal stabilizer forward attachment]

link.

L v e - e

s det s N np Vet W W e e wwn

ny,

PN

s S o A . e W




A 2]

fol i g

.

b v SR U e R e it T S

bad

w"‘ %

X4

oy

TABLE 2

BASIC MILITARY SPECIFICATION MANOEUVRES (Ref 5)
(MIL-A-8871A)

HIL $PEC L

REFERENCE LoAD [PILOT

A=8871A WErGHy AT [FLAP | EAS |FACTOR [EFFOR

{Para) ODESCRIPTION OF TEST CIsv | CG| €1t) [Coeg (Rt3| (g) ) (ib) TEST SU\ARY

4.5, [Normal Symietrlcat 6,900 Fvd | $,000] © 420 | 7.33 | Az [critical positive
Puil~Up 3,000 b Req [ving loads

14,000 **326

4.5.2  [Normsl Symotrical 6,90 Fed| 93,0001 © 423 {=3.0 As  [ritical negative
Push-Oovn 3,000 433 [=1.0 Req {ving losc,

€:.3.9 [Abrupt Co-cralnated 5,900 Fva| 3,000| © 300 [ %.87 40 Komdlned horizontel
Rotllag Pull-cut & vertlcal tall loads

4.5.3 INormal Uncoordlneted 18,900 Fwd| 3,000 0 [**420 | 9.87 60 Kritical wing torsion
Rolling Pull-out 3,000 433 1-1.0 []

Ret [Abrupt Uncoordinsted |6,900 Fud| 5,000{ © 360 | 987 | As  [As Deflney by ALTE

3-2 1360° Roll with Abrupt Reeq
Pull=up

4.3.6 Worupt Symetricsl 6,900 Fua| 5,000 0 [**420 | 7.33 [ A2 [Kritical down loig
Put)-Up Req lon Norfzontel tail

4.5 oruot Symetricsl 6,900 Fea| 3,000f 0 P%420 § 7.33 [As Kritical w and
Pull-up with AN ot 1 **297 Req Mown losds on
Checking Aft hor Izontal tall

4.5.8 [brupt Symmatricsl 6,900 Fod | 5,000| © 433 |-1.0 As  Lritical forque on
Push-Oown vith Abrupt Req porlzoatal tall
Checklng

4:5.14 RLending Approach 7,000 Fwd | 3,000f 40| 140 ] 4.0 As  [Gesr~down landing
Pull-up Req Hpproach

kontiguration

4.5.16 JRudder Manceuvre=High | 6,90C Fvd [ 3,000} 0 230 | 1.0 kriticat vertics!
Speed Stesdy Siceslip 350 jtall loeds
l- Rudder Raversed

423
4.5.17 tuddtr Klek Vanceuvrs | 6,500[A1t| 53,0001 © r’l” 1.0 180 Eritical vertical
Ith Abrept Return [tall losds
4.9.18 Mudder Kick Manosuvres| 7,000l vd | 5,000] 40} K40 | 1.0 300 pritical vertlcal
for Lendlag Approach tatl lcads
4.3.%  [Steady State You 6,70]Fvd | 3,000] O **435 | 1.2 300 Lritical verticsl
Manceuvres 4,000 350 (tall loads
5,000 30
4.5.10 Adeup* Unccordinated | 6,900[Fvd | 5,00¢) O [**420 | .87 & FEritlcal combined
Rol11ng Pull-cut with horfzontal end

Wbrupt Checking vor-tical tall loads
4.3 11 [Adrupt Coordinated 6,900[Fwd | 5,000f © [**420 | 3.87
180 Degreo Roll

&
[**420 | 3.7 &
&0

4.5.12 Ibrupt Uncoordinated }5,900}Fwd {3,000] 0
180 Oegrae Rosl

4.5.13 {Abrupt Uncoordinated |6,900(Fed | 5,000f © P*429 | 3.7
360 Degree Roil

4.5.20 {Deceleration Cevice 6,9001Fvd | 5,000 [**420 | 7.33 [As  [ritical alrdrske
Extenslon 3 433 [-1.0 Req kxtenslon casds

e

* Maximun (HIL SPEC permissidie) pllor effort where specified Is as follows:
60 It - alferon control columa for mexiswm displacement
180 Ib = rudder cmatrol force for displacesent and retuwn
300 !b ~ rudder confrol force for msximum displecenent

*¢  Treso polnts are the estinated buffat onsst soewd, at the 1oad factors soecifled,

TABLE 3

SPINS-MIL SPEC REQUIREMENTS (Ref 5)

toan
DESCRIPTION | WEIGHT AT |rue oive [RACTON
oF TEST vy 6| 1t Jtcegr eraxes| (g) TEST SUNMARY

Tail toads In Opt Fwd § 25,0007 O Retr - horzal flve turn spins

Spinning cerrled cut right, and

Menoeuvres left, with alieron and
. (Smooth tprignt entry ot 1.0, 2,5 and

Spins) 3.9 9.

Tall toads In Opt Fwd | 15,000} © Retr - Normal five turn spins

Spinning cerrled out rlght end

Manocuvres left with neutrai,

pro-spin, and anti-spin
allerons from entry at
1.0, 2.5, and 3.5 g.
Tail Loads In Opt fwd | 25,000} O Ext - With dlve brakes fully
Jpinning with extended right snd left
Dive Brakes spins of five turns each.
Fully Extended
Tall toeds In Opt Fud | 25,000] © Retr - As defined by AETE
tnverted Spins
Tail Loads In Opt Fwd | 25,000f © Retr - As defined by AETE
Spinning with

External Tanks
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Figure 1 - Horizontal Stabilizer Rear
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ANALYSE AEROELASTIQUE ET IDENTIFICATION DES CHARGES EN VOL
C. PETIAU et M. de LAVIGNE

AVIONS MARCEL DASSAULT-BREGUET AVIATION
78, quai Carnot
92214 - SAINT-CLOUD

1 - INTRODUCTION

Le calcul de charges est classiquement fondé sur une modélisation élastique par la théorie des
poutres longues, Cette hypoth2se, impliquant une correspondance biunivoque entre les courbes d'efforts
généraux (effort tranchant, moment de flexion, moment de torsion) et les répartitions de contraintes
dans la structure, i1 en résulte une certaine facilité pour les &changes de données entre lus diverses
disciplines intervenant dans 1'analyse des structures, qui se résument aux seuls efforts glnéraux,
comme nous 1'illustrons fci :

Aérotlasticite
et calculs des charges

Aérodynamique i Essais en

théorique \E / soufflerie
/ fforts généraux
Calcul statique de \ Mesure d'effort

Justification en vol
v

Essais au sol
statique et fatigue

Ceci conduit pour les mesures en vol & instrumenter des sections de voilure ou de fuselage avec
des jauges de centraintes qui permettent théoriquement de restituer les efforts généraux de 1a section
par combinaison linaire de leurs signaux ; 1'opérateur de combinaisons est &tabli & partir des
réponses des jauges sur des chargements d'é&talonnage au sol ; une méthode de moindre carré est
utilisée dans les cas de mesures redondantes.

Le moddle &lastique de la structure n'intervient pas dans cette procédure.

Les chargements des cellules d'essais statique ou de fatigue qui sont eux-mémes construits a
partir de courbes d'efforts généraux peuvent étre aisément adaptés aux résultats mesurés en vol.

Cette technique simple est malheureusement contestable si on examine des avions dont la voilure
est 3 faible allongement, ou si on veut obtenir une certaine précision dans les zones d'emplanture ;
les contraintes n'étant plus alors déterminées seulement par les efforts généraux.

Pour 1'analyse aéroélastique statique et le calcul des charges, nous avons été amenés &
développer une procédure de couplage od Tes . -aes de pression issues des calculs d'aérodynamique
théorique sont transférées directement sur ¢ ‘ale éléments finis,

Cette méthode sophistiquée a 1'inconvéniest de compliquer singulidrement le probléme du recalage
des modales sur les ~isuitats de soufflerie ou de vol ; la premiére difficulté & dominer est gue dans
1'ancienne technique un chargement est représenté globalement sur 1'avion par un vecteur facilement
maniable & quelques dizaines de composantes alors que, sans précaution, i1 en comporte quelques
milliers, voire dizaines de milliers sur un schéma d'éléments finis (voir planche 1).

C'est dans ce contexte que nous avons &tudié des processus d'identification visant & répercuter
tes résultats des mesures en vol aisément dans nos mod2les aéroélastiques complexes, et revoir, en
conséguence, le plus rapidement possible les calculs de justification de ia structure et les
chargements d'essais statiques au soil.

Nous présentons des tests de cette méthode sur le Mirage 2000.

2 - CHARGES ET AEROELASTICITE STATIQUE AVEC ELEMENTS FINIS

Pour 1a compréhension du processus d'identification, nous rappelons les grandes lignes de notre
technique de couplage aéroélastique directe sur &léments finis ; cette méthode qui fournit Yes mod2les
& recaler, est programmée dans la branche "CHARGE" de notre logiciel général ELFINI
(voir référence 1).
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Nous avons essayé de répondre 3 trois impératifs apparemmment contradictoires :
- nécessité d'une précision de 1'estimation des charges d'une qualité équivalente 3 celle du calcul ;
des contraintes par &léments finis,

- sophistication devant rester homog2ne avec les hypothdses simples des calculs d'aérodynamique
lingarisée, recalés sur des essais en soufflerie ou en vol,

| - délais de préparation des données 2t codt ordinateur raisonnable.
Les opérations, dont le détail est donné en annexe, se déroulent en deux phases :

1 - Calcul volumineux mené indépendamment du couplage aéroflastique de la confiquration massique et
' surtout des hypoth&ses de recalage empirique ; ce sont :

- la résolution du mod2le &léments finis pour quelques centaines de chargements de base dans
lesquels on décompose a priori tout chargement ; les chargements de base sont classés en cas
unitaire de pressfon, d'inertie et d'effort concentré (ex : efforts train),

- les calculs des champs de pression aérodynamique par des méthodes de singularité, pour les
mouvements de corps solide, les braquages de gouverne et des déformées de base des surfaces
portantes,

De ces calculs, on extrait des opérateurs “concentré&s” assez maniables.
- décompositfon des champs de pression aérodynamique unitaires dans les chargements de base,

- 1issage des diplacements, sous les cas de charges de base, dans les déformées de base des
surfaces portantes,

- efforts généraux et contraintes en quelques centaines de points sensibles pour chaque chargement
de base.

2]
[

A partir de ces opérateurs, on obtient par des calculs de faible volume :

- les coefficients aérodynamiques avion souple,

- le mouvement de 1'avion en manoeuvre par iniégration des équations de la mécanique du vol,
- 1'évolution correspondante des efforts ¢énéraux et des contraintes aux points contrélés,
1a recherche automatique des cas enveloppes dimensionnants,

- la reconstitution dans ces cas pour des analyses complétes de 1'ensemble des déplacements du
modale E.F., ou des forces pour le transfert sur un modele raffiné.

La définition exacte des configurations massiques et les recalages empiriques sur la
soufflerie ou le vol interviennent au début de cette deuxiéme phase,

Les chargements des essais statiques correspondant aux cas de charges dimensionnants du modéle
peuvent étre générés automatiquement, & partir de la position des vérins de chargement ; on procéde
par une méthode d'optimisation quadratique visant & minimiser 1'énergie &lastique de 1a différence
entre le cas de charge du mod2le et celui reconstitué par les vérins, tout en respectant, dans la
fourchette d'une précision donnée, les contraintes sur les points sensibles de la structure.

IDENTIFICATION

w
.

3.1 - Instrumentation des essais en vol

Outre la saisie des paramétres généraux de la mécanique du vol et des braquages de gouvernes,
1'installation d'essais est basée sur des jauges de contraintes ou des extensomdtres ; leuws
dispositions résultent d'un compromis entre la surveillance des points sensibles de la structure et la
co:vertu;? des divers "chemins" d'efforts internes, un ordre de grandeur de 100 2 300 capteurs est
raisonnable,

Nous présentons planche 2 1'installation de la voilure du Mirage 2000-01.
3.2 - Validation du moddle &lastique par &talonnage au sol

La base de la méthode &tant que les incertitudes ne proviennent que de 1'aérodynamique, i1 faut
qualifier de facon sire 1'opérateur linéaire » issu du modele &léments finis, qui
représente le passage entre les forces appliquées sur la structure et les réponses des jauges aux
points de mesure en vol ; les erreurs 3 ce niveau &tant pratiquement irrattrapabies.

R

La procédure est 1a suivante :

- on mesure au sol les réponses des jauges sous divers chargements simples, par exemple, obtenus en
chargeant 1'avion en des points discrets (voir planche 3},

on correlle pour chague voie de mesure les résultats d'essais & ceux du calcul par &léments finis
correspondant, en tracant la courbe déformation caiculée fonction de déformation mesurée, pour les
différents cas de charges ; théoriquement les points obtenus devrajent s'aligner sur la premidre
bissectrice ; on s'estime satisfait si on trouve ur: .iroite dont on prend la pente comme facteur de i
correction du modele &léments finis (voir planche ) ; on corrige ainsi aussi bien les dé&fauts «
locaux du modadle &iéments finis que les erreurs de gain éventuelles de 1'installation d'essafis.

On ne valide ainsi que 1a bonne résolution de 1'hyperstatfcité par le modele E.F, ; d'expérience
les rigidités, qui interviennent au deuxidme ordre par 1'aérodistorsion dans le calcu) des charges A t
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sont suffisamment bien prévues ; toutefois, s'fl est nécessaire, nous disposons d'une méthode de
recalage automatique du moddle &léments finis sur les essais de vibration (voir r&f. 2). |

3.3 - Manceuvres et mesures en vol

On choisit des manoeuvres permettant de séparer le plus aisément possible chaque effet
aérodynamique &lémentaire (incidence, braquage gouvernes, etc.) ; {1 nous est apparu que les plus
efficaces étatent des manoeuvres d'oscillation de tangage ou de roulis & fréquences variables
(0,5 & 2 Hz) que nous appelons "stimulus”, voir planche 4.

Ces manoeuvres durent quelques dizaines de secondes, le Mach et le badin doivent rester le plus
constant possible ; 1'amplitude du mouvement doit &tre limitée 3 quelques degrés pour rester dans une
plage linéarisable.

Sur le Mirage 2000 prototype, les stimulus sont générés automatiquement par un boitier ajouté
dans 1a chafne des commandes de vol électriques.

Pour cerner les non-lingarités d'incidence, on tomplate les stimulus par des montées en facteur
de charge stabilisées.

Pendant ces manoeuvres, on doit acquérir les paramdtres du mouvement de 1'avion et les braquages
de gouvernes & une cadence suffisante pour pouvoir les interpoller, moyennant quoi les mesures de
Jjauges peuvent étre sous échantillonnées (8 & 16 pt/sec. pour les stimulus).

3.4 - Prélissage des mesures en vol

Cette phase a pour but d'extrafre des mesures en vol des effets aérodynmamiques Tinéaires
unitaires.

Soit qr le vecteur des paramétres aérodynamiques “rigides". En symétrique : incidence, vitesse
de tangage, braquage des gouvernes.

On identifie 1'opérateur supposé linéaire (30/3qr]  de réponse des jauges & chaque
composante de gr par une méthode de moindres carrés, soit :

T Lomes.- {36/3qr) gr{tmes.) 2?2 minimum
instants mesures

Si 1a voie de mesures considérée est bien sensible 3 chaque composante de qr dans la manoeuvre
considérée, les résultats sont bons (voir planche 5) ; dans le cas contraire, i1 faut prendre les
composantes mal observables dans une autre manoeuvrc plus propice, et considérer comme connus les
termes correspondants de 1'&quatfon 1 ; en particulier, on procdde ainsi pour les petites ccmposantes
symétriques des stimulus de roulis qui ne sont jamais parfaitement anti-symétriques.

Appliquée aux capteurs de mécanique du vol, une technique semblable (référence 3) permet
d'identifier directement des coefficients aérodynamiques linsarisés avion souple qui seront dits
"mesurés”.

3.5 - Parametres des champs aérodynamiques

Le mod2le élastique ayant &té qualifié & partir des &talonnages, on admet que les erredrs du
modele aéroélastique ne proviennent que des calculs d'aérodynamique.

On pose que les champs de pression théoriques de chaque effet aérodynamigue rigide (incidence,
bizyuage de gouverne en symétrique) sont modulés par des fonctions d'affinité inconnues dépendant
lingairement de paramtre Ai 3 en choisissant comme fonction de recalage les interpolations d'une
grille d'éléments finis, on donne aux coefficients A{ inconnues la valeur des facteurs de
correction des champs de pression aux noeuds de Va grille (voir planche 2) ; soit pour les champs de
pression réels des effets rigides, la relation :

(§52Marcer 38 Minéocique x (1 + Thigei(H) 3

. Nous n'avons pas pris de paramdtre spécifique pour les champs de pression des effets d'aerodis-
torsicn (djscrétises par un vecteur qs ) car leurs influences se séparent difficilement de celles des
termes rigides an quasi-stationnaire : nous utilisons 2 tactiques au choix :

1) ne oas recaler ces champs d'effet "souple” ; ce qui peut avoir quelque inconvénient quand 33
cofncident en partie avec des effets rigides (exemple, débraquage d'une gouverne di & 1a souplesse
de 12 timonerie de commande),

2) corriger les effets “souples” en fonction des effets rigides en posant :

3KpLM), = r3KR(M) i akp(M) _ rakp(H)
[aqul Iréel [aqu' Jthéorique + ([aqrj Jréel [aqrj Jthéorique) fags0d

L'opérateur aj,5 représente Te 1issage de chague effet svuple dans les effets rigides.
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Nous détaillons en annexe comment par notre organfisation de calcul, on obtfent simplement la
valeur et la dérivée en fonction des paramétres iy § : )
- des coefficients aérodynamiques avion scuple £c3 s
- des contraintes unitaires (30/3qrl de chaque effet rigide, aérodistorsion &liminée.
Dans le cas du recalage des effets aérodynamiques “souples* en fonction des effets rigides, ces
opérateurs ne sont pas lin#aires en fonction des X .
3.6 - Premidre technique d'identification_: méthode de moindres carrés
On minimise par moindres carrés 1'écart entre les contraintes unitaires et cvefficients
aérodynamiques calculés et ceux fssus du prélissage des mesures, soit :
[ 0 2
2X) = > v 5o mes —5—=(2) 3* winimum
voles de mesure OO ar
La procédure de minimisation de 1a fonction de “coit" 2(})  est détaillée en annexe ; elle
est ?on?uite par unc méthods dc Newton Raphson modifiée dans le cas non linéaire (recalage des effets
souples).
Dans la pratique avec cette méthode, on se heurte souvent & une sous-détenaination du probleme ;
la fonction de cofit  2(A) peut étre insensible & certaines combinaisons de paramdtres, nous avons
une quasi singularfté de 1'opérateur Hessien tangent CH) = [32278%i30j]1 qui donne des solutfons
reconstituant parfaitement les contraintes mesurées mais aterrantes en champs de pressfon.
Si on ne puut revoir 1a disposition des capteurs, on peut résoudre ce probléme en réduisant le
nombre des paramdtres ; pour cela 11 est pratique d'utiliser une pracédure automatique ou on se raméne
4 un vecteur de parandtre A* de rang réduit 1i¢ & » par la relation :
A= OVl
[Vl  &tant une matrice rectangulaire dont les colonnes sont les vecteurs propres du Hessien
tangent initial CH(A = 0)3 correspondant aux valeurs propres notablement différentes de
28rc, '

Dans les tests sur le Mirage 2000, on n'?a pas pu dépasser un nombre de 5 paramdtres réduit par
effet rigide, et i1 est apparu que lus résultats sont trds sensibles aux pondérations relatives
de chaque voie, ce qui a obligé & de nomoreux tatonnements pour trouver une sclution plausible.

En définitive, cette méthode de moindrec carrés nous a semblé dépendre beaucoup trop de ces
facteurs de pondérations subjectits pour pouvoir étre appliquée systématiquement,

3,7 - Deuxieéme technique : méthode d'optimisation sous contrainte

On pose le probizme de ('identification sous la forme :

minintser  z(A) =/( 21 théorique 2211 } 2 s

en satisfaisant aux inéquations

dok 3ok ok

Sqr mese - ¢ < 3ap ) < o mes . +ey

ce qui signifie qu'on cherche una solution 1¢ plus proche possible dz la théorie tout en
restituant Yes centraintes mesurées dans une fourchette donnge,

La minimisation sous contrainte est menée por unc méthode d'optimisation quadratique dite de
"gradient sphérique* qui est présentde en annexe,

Cette formulation pallie aux princfpaus irconvénients de la méthode des moindres carres.

- 11 n'y a pas d'indéterminatior poscible du probldme, en 1'absence d'observations, la procédure
cenpléte automatiquement par la théorie,

- Les paramdtres de réglages sont objectifs, ce zont les incertitudes e  sur la reconstitution de
chaque mesure ; or les &value 3 partir de 12 précision des mesures et du prélissage et surtoutl de
celle du calcul des contraintes, revélée par les correllations de 1'étalecanage.

Fn pratique, 11 arrive que 1'algoritime détecte qu'il n'y a pas de svlution admiscible compte
tenu des contraintes qu'on s‘est donnes ; cela se produit quand la grille de recalage est trop
3rossié{e vis-3~vis de T'exigence des contraintes & restituer ; la solution est de raffiner 1a grille

e recalage,

L'obtentfon de champs aberrants traduit des erreurs au niveau des mesures cu de 1'6talonnage ;
oa_a une bonne indicatfon des contraintes erronées par 1'analyse des multiplicateurs de Lagrange de la H
solution (ils traduisent 1'4nfluence sur la foncticn de cofit de la fourchette qu'on s'est donnée sur '
les contraintes en butée). )
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3.8 - Test sur le Mirage 2000

Nous avons &valué les possibilités de la méthode sur le Mirage 2000-01 ; nous présentons ici
quelques points caractéristiques de 1'étude i1lustrant 1'identification des effets d'incidence et de
braquage de gouverne pour des stimulus symétriques :

- 3 stimulus & Mach 0,7 (4800 ft, 14000 ft et 25200 ft),
- 3 stimulus & Mach 1,5 (25600 ft, 40500 ft et 49500 ft).

Nous avons tracé planches 7 et 8 les reconstitutions et les mesures des jeuges sur quelques
vofes significatives.

Nous comparons les champs de pression des effets d'incidence et de braquage des &levons
“rigides® identifiés par les stimulus de badin différents aux mémes Mach (Mach 0,7 planches 9 et 10,
Mach 1,5 planches 11 et 12) ; nous avons utilisé 1'option de recalage des effets souples.

Les champs de pression obtenus par des stimulus & différentes altitudes sont semblables et ils
différent quelque peu des champs théoriques ; les distorsions des champs reconstitués dans la zone
d'emplanture ne sont probablement pas aérodynamiquement réalistes.

Pour traduire en charges “classiques" les résultats, nous présentons les reconstitutions
comparées des courbes d'efforts tranchants par g de facteur de charges (Mach 0,7, z = 1000 ft,
Mach 1,6, z = 25000 ft).

La relative insensibilité des résultats & 1'altitude du stimulus de recalage, est due au fait
qu'ils ont &té tous effectués dans la plage d'incidence od 1'aérodynamique reste assez bien 1infaire.

CONCLUSIONS ET DEVELOPPEMENTS

Rotre pracédure d'identification est efficace en utilisant les stimulus dans les zones ol
1'aérodynamique est linéaire ; elle nécessite une bonne qualité pour le modele &lastique éléments
finis recalé par les étalonnages au sol, car on ne peut exiger plus de précision pour la
reconstitution des mesures en vol qu'on e<t capable d'en obtenir au sol avec des chargements connus
exactement ; i1 faut particulidrevent faire attention avec les parties mobiles (becs, gouvernes),
surtout quand elles sont liées hyper<tatiquement au caisson.

Les champs de pression reconstitués sont sensibles au nombre et & la disposition des jauges ; on
ne doft pas trop s'attacher & leur réalité du point de vue aérodynamique ; 1'important pour le calcul
des charges est qu'ils restituent valablement, au travers du modéle, les contraintes observées en vol.

C'est dans cet esprit que nous développons la méthode pour les zones od 1'aérodynamique est non
1inéaire (grandes incidences, transsonique) ; 1'identification porte alors simultanément sur les
résultats de plusieurs manoeuvres, elle fournit les coefficients de recalage pour des successions
d'&tats des paramétres aérodynamiques et non pour des effets de pente.

Dans son principe la méthode peut s'étendre & 1'identification des effets d'aérodistorsion et
des effets d'aérodynamique instationnaire, la principale difficulté est de disposer alors de .
manoeuvres ol ces effets soient “observables", 1'exigence de validation préalable du modéle élastique
dynamique est évidemment renforcée.
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ANNEXE

A-1 - EQUATIONS OE BASE DU COUPLAGE AEROELASTIQUE

A-1.1 - Phases préalables (Batch)
- Agérodynamique théorique : champs de pression discrétisés

Kp = Kpo + [%%%qu + [%%%]qs
qp ¢ effets aérodynamiques rigides |‘incidence, braquage de gouvernes, etc...)
q ¢ déformée des surfaces portantes exprimées dans une base de mondmes

( q et q, de rang quelques dizatnes)

- Equatfon du mouvement de 1‘'avion quasi rigide
fc.d.g. = % pV2 (Co + [Crigr +{Cs)qs)

Les coefficients aérodynamiques ([Crl, [Cs] et Co sont les torseurs résultants des champs
de pression,

- Chargement du mod&le Eléments finis

F = [PIf (P} = (Paero,Pinertie,Poutres) chargements de base

- Résolution &1éments finis (sur C.L. isostatique)
x = (KL £+ déformses de base (8] = k™! 2
- Opérateurs “"concentrés"
. Contraintes et efforts aux points sensibles {3c/3f] = [30/3X] (8]
. Torseur résultant et mouvement rigide [3Fcdg/af],[(3Rcdg/3f] (pour chaque masse de base)
. Chargement aérodynamique décomposé dans les chargements de base
faero = RJ Kp~ [3f/%r 3=R] C3psaqrl,£3f/3gs] = (RI [aKp/ags)
. Lissage des déformées E.F, dans les formes aéiedynamiques
gs = (LI X + [3qs/3f) = (L) €8]
A-1.2 - Phases répétées (intéractives)
- Recalage empirique (identification sur la soufflerie ou le vol)
. Effets "rigides"
{aKp/agrirecalé = [3Kp/aqrith.Ll + (42]
X ¢ paramdtres de recalage
£¢] = fonction d'interpolation de 1a grille de recalage (voir § 3.5)
+ (af/3aqrirecalé = {R] [3Kp/3qrirecalé
. Effets "souples”
faf/aqslrecalé = [3f/3qsdth. + ([3f/3qrlrecalé -[3f/3qrith) [al

- Calcul des charges d'inertie dans les configurations envisagées (combinaisons lingaires des
effets d'inerties &lémentafres)

+ [3af/3y]
- Charge aérodynamique de base équilibrée par les effets d’inerties
+ [af/aqriquit. =C1-37/5v] (M1 MoFcdg/ard [af/agrirecalé
[af/aqsléquil. =[1-3f/3y] [M]'ltachg/afJ [3f/3qsdrecalé

LT GO SN



Mt AP ey

gm{ﬁ"k «
?
|
|

- Calcul des coefficients aGrodynamiques avion souple

Elimination des effets souples
qs = -;-ovz (Ao + [Allgr + [A21gs) + A sutre
[Al) = [ags/3f) ['et‘/aqr]équ”. [A2) = [3qs/3f] [af/aqs]équ”.

(plus correction du mouvement rigide)

»qs =% pv? ([ulgr + ug) + ¥ autre
Cul =003-1A1} D) = (1 .%»v2 (A1)
La singularité de (D] exprime la divergence statique

. Coefficient aérodynamique apparent

(e) terd + 1 ov? esd (w3
Co = Co. [Cs] (% oVZ w0 + ¥ gutre)
- Contraintes et efforts unitaires aéro&lasticité &liminée
Caa/aard = [30/of3 ([af/2qr) + § oV2 [3£/3q5] (ud)
- Calcul de manoeuvre avion quasi rigide
. Résolutions des &quations de i1a mécanique du vol avec {C] = gr (t)
. Contrainte et effort en manoeuvre aux points sensibles

o(t) = a0 + % oV2 C3o0/3qrd grid)

A-2 - DERIVATION PAR RAPPORT AUX PARAMETRES DE RECALAGE

Pour aider la compréhension, nous précisons les indices de chaque opérateur de base, soit :
fm,Kpn.qrj,QSj. ,Qn,‘, A 1,5
- Dérivées des effets rigides

2
[d2fm ’J] = [Rm,nl [%L"]th.[m,i]

qrJ rj
torseur résultant o+ dérivées coef., Aéro. rigide [g—%]
. . 1%m . 3%n .
Dérivées des effets souples [’aqu' ) - [quj BXi,J] aj,j*1
torseur résultant , aérivées coef. Aéro., souple [-g-%—j]

- Dérivées des effets rigides et souples équilibrées par les charges d'inertie induites : méme
procédure que pour les effets eux-mémes
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- Différentiation de 1'@limination des effets souples

das = } oV (LdAldqr + [dA2dqs + [A23dgr)
dgs + L0371 ([dAL) + [dA2] Culigr
- tdud = 0371 (Caa1d + £on2d tud )

soft :

3%fm 32fm
LI anj [aqu-axu 30D

. o)} (2%
Gyt = 007 GF

~ Dérivées des coefficients aérodynamiques apparents

=))
LEY]

- 3Cr 2 aCo u
BEp) = G0 + oV (G5 Tl + Ko (3

- Dérivées des contrai.ntes unitaires aéroélasticité é&liminée

320 3 fm 2 32fm af
Sy = 3% e yerd + o (05 qeariy B¢ G Jc—l—aml)

A-3 - ALGORITHME D' IDENTIFICATION

- l&re méthode : moindre carré

minimisation de

K
() = r (2% nes . 2K (3) y2
voies de mesures K Yagr aar
méthode de Pseudo Newton
- départ » =0
- - Jomes _ 3o(}) 32g
- G = £32/3)\] = ST . —29
gradient faz/ond voies de m’ésures & 9r Aoe ) 3qr 3>\ij]
- pseudo Hessien = 32g 3%g

L
voies de mesures "X 3gr 3,57 3qr M,
A=+ [H) -1 G

- 22me méthode : optimisation sous contrainte

L Hj2 minfmum
+ inéquation pour chaque voie de mesure

agk 3gK 2ok
aqr M- K < agr AL < ggr ek

ESar

résolu par itération d'optimisation quadratique, 20X, (2,5 &tant linéarisé 3 chaque i*érstion

(convergence en 2 4 3 itérations). oaqr
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VOILURE MIRAGE 2000-01

awen Fléxion ou traction-compression
% Cisaillement g .',
O  Effort bielle rY
A  Température vad @ Q- [Zrryl
Fvas
% 7]
Fvl
‘3 j--{E=31)
d o | [Feiad
82 o 4
[ old 7z
L0 3 ws o L> [}
1 - vs)
& Y
= ] P N
-
\
' ¥ A3 * ]
/ KRS
L EE M 2
LIy tw Sty -~ 75ipgp
l .Hih. B ) vy T CZS
(2 {1 A i

SCHEMA D' JMPLANTATION DES JAUGES

wwn . v

e m e o

LY. 199

80%s




s Y

e Nl l ke

S e

LN

-

[y

POSITION DZS CHAPGEMENTS D'ETALCNNAGE

n
e A28

12 | 1t w0 He
A

CHerts_eppliguis N 1 ] o
O $00daN 0 1s04cn d RS

X 10004eN @ 1500daX &

O 20004aN Pu—

\ ; "
N al
n
CORRELATION CALCUL~MESURE
L[ i Rt i

SRR
L

i ]
MqumwmmmMM
e
ﬂmmmmmmmmm@1 = |
T L —
i . :
T -

ﬂiﬁlmﬂ
ii ILH{. mwnmmmmmmmn
l {t} gﬂm!ll!l!l} 3 Hﬁmﬂ
I l'i*ﬂlil"ﬁﬁﬂﬂiﬁ!ﬁﬁ&ﬁﬂifﬂﬁﬂl
L!ifiil}“ i) Eﬂ!ﬁmmﬂwﬂﬂ!
iR R

BT HE i
g}gmummml lﬁ!.l

umrmgiﬁmmnﬁ :
mmmMmmm R FULI3
i m |

Hi i(i: J
E.ﬂ&‘“lm[ﬁ’?l’ ﬁﬂ!’ "1
R HEIEE 1!11
A S
i lﬁlﬂﬂﬁ& i[fﬂhlﬂﬁ?ﬂ
B Gl i Ak
ﬂfﬁﬁ
Tl

I
B
(R
!f i !

FyLig

mﬁ%ﬁﬁa":;:i“

End

Eﬂ?ﬁﬁiﬂﬁ“ E"él
EHEEI




EVOLUTION DU BRAQUAGE DES ELEVONS
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DEFINITION DES PARAMETRES OE RECALAGE
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. IDENTIFICATION A MACH = 0,7

COMPARAISONS DES CHAMPS DE PRESSION DE L'EFFET D' INCIDENCE
YRIGIDE® PAR 3 STIMULUS EFFECTUES A DES ALTITUDES DIFFERENTES
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Pl. 10
IGERTIFICATION A MACH = 0,7
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Pl. 11
IDENTIFICATION A MACH = 1,5

COMPARAISONS DES CHAMPS DE PRESSION DE L'EFFET D'INCIDENCE
“RIGIDE" PAR 3 STIMULUS EFFECTUES A DES ALTITUDES DIFFERENTES
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SESSION III - USE OF OPERATIONAL LOADS DATA FOR

DESIGN AND TEST PURPCSES
SUMMARY RUCORD

y
L Baranes
Service Technique des Programmes Aercnautiques,
Paris, PFrance

In discussion and questions on paper No 13, it was observed that the methoud used was
intended to derive extreme values of various parameters, but the analysis was based on a
limited number of flights. This limitation raised the question of the basis on which
extreme values were extrapolated from the normalised parameter profiles, and also the
question of the probablility levels assigned to extreme (ie design limit) load cases. One
speaker pointed out an anomaly in the analysis in one case, where the start of pitch rate
build-up appeared to precede application of elevntor control. The design loads predicted
were 1lower in some instances than MIL SPEC - 8861 requirements; if the philosophy
proposed was accepted and developed for design use, the outcome would be some amendment
to or variation from the MIL SPEC cases.

On paper No 14, questions were posed on the large (70%) exceedence obszrved in the
rear fuselage lateral shear load compared with the design 1limit load estimate, and
particularly on whether the latter was based on wind tunnel tests. The design load case
figure was in fact based on calculation, supporced by initial flight test results. WNo
fatigue or damage tolerance data was available at the time flight testing was carried
out. This was not the only case where the flight test programre showed loads in excess
of theoretical 1limit load. However, static tests at Canadair showed that tne structural
derign was generally conservative and it was decided not to carry out further
verification work or amend limit load data.

In answer to questions on paper No 15, the author stated that loads were derived for
the 1igid aircraft case, although for full precision aeroelasticity should be considered
for transient cases. Development work was in hand to take flexibility into account for
rapid manr~euvres.

In general discussicn, it was pointed out that there was a considerable difference
between civil transport flying, where limit load conditions were extremely rare, and
military operations, where the extremes of the intended £light envelope can be
approached, and possibly even exceeded, gquite regularly. On current aircraft the
existence of appreciable Rescrve Factors often prevented proof stress being reached or
exceeded; but this situation might change for the next generation of aircra€t.
Occasional exceedences of 9g (normal 1load factor) on F-~18 were quoted; although the
aircraft was designed for 7.5g limit in standard configuration, 6-9 such exceedences in
5000 flying hours seemed acceptable, although it is difficult to check fully what
damage such excursions may have caused. In the case of the F-16, the aircraft is
designed for 10.5g and manoeuvres up to 9g occur frequently: however, the flight control
system imposes a manoeuvre limitation on pilot demand.

Jifferences between UK practice (never exceed limits, coupled with a lower clearance
for normal operations) and US practice (never exceed limits only) were nentioned. There
appeared to be a clear need to identify any divergence between the authorigsed clearances
and actual practice in service units, particularly for highly manoeuvrable aircraft which
frequently carry external stores.

Ajircraft using active control technology (ACT) may well experience very high
manceuvre rates, which could have significant fatigue as well as static 1load
implications. It was necessary to establish both general and local structural effects of
ACT, including those of unconventional manoeuvres, and ensure that the ACT system did
gererally function in service as designed. It was admitted that communication between
flight control and loads specialists was not always fully effective, Considering the
arproach described in Paper No 13, the question of identifying standardised manoeuvres
fcr future ACT aircraft needs to be addressed further. The Mirage 2000 system had an 8g
system 1limit which could only be overcome by the pilot uwing considerable effort;
manoeuvres approaching 8g were frequent, an effect recoynised and taken account of in
describing the design load spectrum. The loads $mposed by the system itself, rather than
by pilot input, had been allowed for in design, including design for fatigue cases.
Reference was made to taileron loads cn F-15 and Tornado, where it was believed that
manoeuvring or terraln following might jenerate either high pilot input loads or lower-
level stabilisation system-induced loads more often than predi.ted in design spectra.
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TORNADO - STRUCTURAL USAGE MONITORING SYSTEM (SUMS)

4+ P WARD
Deputy Chief Stressman
British Aerospace FLC
Warton Division
Freston PR4 1AX
England

SUMMARY

The paper reviews the dackground for the establishment of the Tornado Structural Usage Monitoring
System (SUMS), Following a brief discussion of the possible monitoring methods the decision to opt for
two approaches using flight parameters and load calibrated strain gauges is amplified. The calibration
and instrumentation requirements are described and the use of SUMS data is discussed.

1.  INTRODUCTION

The Tornado is a multi role combat aircraft having veriable geometry wings anl moving taileroas in
additfon to the more conventional controls (Fig. 1). The derivation of fatigue load spectra was made
using best estimates of iikely usage and fatigue monitoring in service was centred around the use of the
fatigue meter and flight-by-flight record sheets. Following a study of improved means of measuring the
fatigue usage of the aircraft it was decided thet the RAF would install a comprehensive fatigue monitoring
system on a limited number of aircraft. Tne system is known as SUM3 (Structural Usage Monitoring System).

The paper describes the background to the choice of the SUMS approach, summarises the instrumentatfon
and calibration requirements and discusses the use of SUMS data.

2.  BACKGROUND

The limitations of the fatigue meter (i) as a monitoring device are well enough known and the problems
associated with estimation of fatigue load cpectra “ave previously been described (2). During the late
1970s the Warton Division of British Aerospace undsrtock a study, on behalf of the Ministry of Defence,
entitled "Investigation to determine the feasibility of establishing a new operativnal tetigue life

monitoring system". The BAe proposal associated with this contract included three main objectives, these
being that the system should:

(€8] enable "fatigue life consumed" to be calculated for different components on individual
afrcraft thus making for efficient fleet management.

(i1) provide information of value in defining load sp:ctra for new aircraft.

(144)  be capable of identifying any unusual manceuvres and establish data for use in defining new
static deaign requirements.

During the same period work on anharced fattgue monitoring method for RAF Tornados also took place.
As BAe Warton was one of the three partuer companies of PANAVIA (the oinhers being MBB, Munich and

Aecitalia Turin), the decigners and builders of the Tornado, ic necessarily followed that both tasks were
closely linked.

3.  PHILOSOPHY

Threc methods of approach were considered for monitoring fatigue usage. These consisted of:

(1) use of direct monitoring devices which measured local striin histories.
(18) direct measurement of fatigue loading applied to the structure.

(1ii) measurement of aircraft response parameters from which loaci» on various surfaces could be
calculated.

The first methoa was quickly rejected cn the grounds that a large number of deviczes would necessary
to cover the full structure, and that these devices would rot provide *“2 type o” {nformation r, .zssary to
satisfy the second and tnird requirements rcferred %o above (load specv:a for new aircraft and data on
unusual manocuvres). Such deviser wouid, houever, probably provide a method for use {n flectwide monitor-
\ng ot an aircraft-by-aircraft basis. A survey of these methods is given in reference 3.

The second method, which involved comprehensive strain gauging and calibration of each airframe
structurs, was, initially, not thought to be the most appropriate appr:..ch as

() suituble capacity recocders for use in a fully 2quipped service aircraft were not available. R
(11) there was concern about the relisbility of strain gavge installations on a long term basis,
in particular because of the possibility of damage during routine servicing. “

(11%) each aivcraft would require & full load calibration {(4).

<t st . e - .
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The third approach appeared to be the most attractive. fhis was based on the premise that, by using
a limited number of accelerumeters mounted on the aircraft at different locations to measure aircraft
! response and taking into account a small number of other parameters it would be possible to predict load- ;
ings at any location on the ajrcraft with a reasoanable degree of accuracy. It was thought that the
necessary recording capacity would be less than for the lcad calibrated strain gauge approach and that the 1‘
instrumentation would be more reliable., There was the additional advantage that load calibration of each
aircraft would not be necessary.

Practically all the effort spent by BAe on the research contract referred to earlier was concorned
with an investigation of the parametric approach. This was a theoretical study that used a mathematical
model of the Tornado (5) to generate load-time histories. These were then assessed, using multiple
regression analysis techniques to eatablish load prediction equations using the minimum number of atrcraft
response parameters that would give an acceptable correlation with the fully deterministic model. This
work is reportedin references 3 and 6. Other work by RAE using measured aircraft response data on a
3 Lightning aircraft {s reported in references 7 and 8 with further comment on the method being given in
raference 9.

The BAe theoretical study initially gave very good results based on an assessment of fin loads.
However, the development of the model to cover other areas of the structure and to make allowance for
differing stores carrfage and use of manoruvre devices with varying wing aweep led to increasingly
complicated predictor equations. In addition considerable debate tcok place with regard to the represen-
tativencss of the theoretical manoceuvres used with the mathematical model in order to develop the
predictor equations. Although the model had been proven to give reliable results based on flight test
flying there was a body of opinfsn that belfeved that service pilots would find ways of using the
aircraft which were quite different from any covered by the model. It was therefore felt that predictor
equations should be developed from service flying rather than from the model.

After much discussion it was agreed that for the Tornado SUMS programme both the parametric approach
and the load celibrated strain gauge approach would be followed, the latter taking preference, in terms of
effort, prior to the calibrated aircraft entering service.

Seven sircraft were allocsted to the SUMS programme, four of these being Strike aircraft and three
being Trainers. An assessment of the most impuctant structural assemblies led to the selectisn of 18
loading actions to be measured (Fig. 2), thesc being:

. wing bending moment at four statfions
ﬁ . wing shear at three stations

. wing torsion at three stations ‘
. fin and vaileron root shear force, bending moment and torsion
. front and rear fuselage vertical bending moment

In a number of cases measarements were required on both port and starboard sides of the airccraft thus
increasing the number of channels required., From a study of these needs, and taking into account further
instrumentation requirements to measure aircraft response and to enable damaging areas in each sortie to
be identified, it was abvious that .ll the data could not be recorded on each aircraft. It was decided,
that, for maximum flexibility in the programme, the full instrumentation fit would be installed and a full
calibraticn performed on each of the seven aircraft. Each aircraft would then be assigned to a particular
facet of the data recording exercise and the appropriate load measurement clannels selected to match these
rejuiremeats. It was provisionslly decided that four aircraft would be assigned to the study of empennage
loading and three to the study of wing and centre fuselage loads. For comparison purposes certain loads
would be recorded on all aircraft.

4.  INSTPUMENTATION REQUIREMENTS

During the early development of the Tornado 2 number of aircraft were used for test flight purposes,

- two of these being strain gauged and calibrated to measure loads. Experience gained from this exercise
was teken into account in the SUMS programme, however significant compromises were necessary when applying
} load calibration approachee to service aircraft. The development aircraft required 75 channels for loading
parameters, Table 1, and a further 63 channels for the computation of inertia loads and flight conditiors,
these covering rotational and translational velocities and accelerations, control surface positions, 1
altitude, mach number, engine rotor speeds, temperatures etc. A recording capacity of 4096 samples per
second was used whereas, for the service monitoring exercise, a Plessey recorder limited to 512 samples per
second, was used.

As noted in section 3, the actual data to be recorded on each aircraft differs but, as an example,
Table 2 {llustrates the requirements for all aircraft in service. The first aircraft will have, as its
primary aim, the objective of determining euapennage loading, the strain gauge channels to be monitored
being those shown on Table 3.

The aircraft instrumentation requirement is illustrated, in block disgram form, on Fig. 3. Note that
slthough nominally 40 cignals of strain gauge data are available only 16 will Le recorded on any single
aircraft.

In order to arrive at the loading measurements required a total of 64 stsain gauge bridges were used. .
As a result of the work on the first aircraft this number has been reduced to 57 bridges for the third and
subscquent afrcraf{t., In addition there are three "hot spot" gauges installed for direct comparisor with
similar strai* - .xes in the major aivframe fatigue test.

"'P‘N'wmw VNIRUCH, JONE AT PRI A 2 BN ey A4
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5.  CALIBRATION
The load calibration of each aircraft was accomplished using a purpose built loading frame inte which
each aircraft was positioned (Fig. 4). Loads were applied to existing aircraft hard points (such as

e milnantny b e om0 20

. engine mountings) or by means of contour boards on the lifting surfaces.

Prior to applying each loading case the structure was exercised by applying the calibration loads a
minimum of three times. Strain gauge responses at the zero and maximum load levels were recorded in each
case. The actual calibration loads were then applied in increments of 10% up to the maximum load before
unloading in 20% decrements. Each calibration load case was repeated three times. Table 4 provides a
summary of the calibration loading.

Strain gauge responses and load cell output at each load level were processed on a VAX-1l computer in
order to identify any instrumentation or loading problems at an early stage.

b Wing and fin strain gauge bridges were electrically combined after the first 16 and 21 wing and fin

load cases respectively in order to reduce the number of parameters to be recorded. The signals from the
combined bridges were subsequently recorded on the ground logging system for a further 21 wing cases and
21 £in cases. Finally, at the end of the calibration, four cases were repeated with the selected bridge
responses recorded on the on-board SUMS system.

Equations to relate loading at each of the monitoring stations to strain gauge responses were then
derived using regression techniques.

6.  DATA INTEGRITY

Based on the improved quality of data obtained in the Jet Provost emp age studies pared with the
Jaguar data (ref. 10) and on the good data obtained from Nimrod studies performed by BAe Woodtord, coupled
with continuing f{oprovements in instrumentation it wes decided that the only data integrity checks to be
performed would be the synchronisation count, checks for parity errors and single point drop out. However
this decision was to be reviewed following the examination of data from the shakedown flights,

Instrumentation checks were planned to take place throughout the programme. These include checks of
amplifier sensitivities and recalibration of transducers along with frequent (weekly) checks of datum
valyes.

The assessment of the impartance of datum drift will take place retrospectively. There is no correc-
tion for datum drift on the software, however, pre and post flight values will be determined and output
‘ for further analysis. Initially these data will be compared with fuel states and stores configurations.

EMC checks weve included as part of the checks on the aircraft system.

7.  DATA COMPRESSION

The large quantity of data generated by the Tornado SUMS programme requires steps to be taken to
reduce the analysis time as much as possible. The Jet Provost studies referred to earlier (10) highlighted
problems in analycis cost and time. To reduce these costs hard copy traces of each time history were
examined to eliminate "inactive' time slices prior to subsequent computer analysis of the data. In order
to reduce the amount of manual interventfion required in the analysis process in-flight data compression fs
built-in to the Tornado system. One method of achieving such a reduction in Jata was that described by
van Dijk and Nederveen in their paper on the DEMON system (ref. li! whereby a range-filtering process
was used such that "the load events detected are all peaks and valleys associated with a change of at
least a specified range - threshold value". Only these peaks and valleys were recorded (in their
chronological sequence) thus giving a significant reduction in the enount of data stored.

A different approach is being followed on Tornado which relies on identifying periodsof inactivity
in-flight. The system, which has been developed by RAE Farnborough, relies on the use of a buffer store
prior to recording the flight data. The system switches between high and lcw sampling rates dependent
upon the degree of activity sensed by a number of transducers situated on the aircraft. During low level
activity the sampling rate i{s only 1 sps. 1If any of tha transducers are triggered by increasing loading
} activity then the system can take data from two seconds bzfore the event to four seconds after the event
at the planned fast sampling rates (Table 2).

8. DEIZRMINATION OF LOCAL STRESSES FROM OVERALL LOADS 1

The werit in measuring fatfgue structural loading rather than local stress histories is that it should
be possible to establish stress histories at any location on the airframe from the cverall loading. In
specifying a load monitoring programme on an aircraft {t is not necessary to know the fatigue critical
locations beforehand whereas a stress monitoring survey reliecs on the need to know the areas of concern.

Studies have been performed to demonctrate the way in which stress histories can be derived from a
knowledge of the overall loading histories. For a wide range of load cases overall loading was determined
and local element stresses established from a NASTRAN finite element analysis of the structure. For
particular elements algorithms to predict local stresses from overall loads were determined by regression
analysis. Correlation coefficients of between 0.97 and 1 were achieved for a renresentative number of ’
cases covering taileron, fin and wing load:ng actions (Table 5).

T L

9.  SHAKEDOWN FLIGHTS

Prior to return to service a shakedown flight is necessary on each of the seven aircrart in order to
provide a final checkout of the system. The particular requirements of each shakedown flight are dependent
upon thc subsequent data gachering exercise for which the aircraft is destined. Typicaily, for an aircraft
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which has been a'located to a study of taileron, fin and rear fuselage loads, the list of manoeuvres to
be performed during the shakedown flight is as shown on Table 6.

10. DATA COLLECTION

The seven SUMS afrcraft will enter service over a two year period. At a peak approximately Jvwu
hours of data per year will be recorded. Data will be forwarded to BAe Warton on completion of every
three flights per aircraft. The data package will consist of 3 flight cassettes, 3 identifying cassette
proformas and associated fatigue meter readings, sortie code and stores information. The cassette data
will be checked out on a ground replay unit and will then be transferred to a computer compatible tape
(CCT). Identifying header information, including the fatigue meter readings and assoctated sortie data,
will also be added to the CCT (Table 7).

11. GROUND ANALYSIS

A number of studies will be performed using the recorded data once it has been verified and
synchronised (Fig. 5). These are described below.

1. Accelerometer responses will be used to calculate aircraft cg normal accelerations and the
resuiting time history will then be analysed using.fatigue meter counting methods so that a
comparison can be made with recorded fatigue meter data.

2. The "hot spot" straln histories will be analysed by rainflow techniques and the results compared
with those from similar gauges on the airframe fatigue test.

3. Following a conversion of the strain gauge responses into load-time histories load spectra for
different structural components (fin, taileron etc.) will be derived as a data base for the future.

4. For a number of selected areas of the structure (chosen as being likely to be the most important
from a fatigue point of view - see Table 8) stress-time histories will be generated using relation-
ships similar to those outlined in section 8. Matrices of mean and alternating stresses will then

be derived by means of a rainflow analysis using an RAE program (refs. 12 and 13) and fatigue damage
per sortie code calculated. The fatigue performance data for each selected structural feature will
be based on either major airframe fatigue test knowledge or generalised design criteria. Test
experfence will take precedence.

5. For areas monitored by the fatigus meter the damage per flight will be compared with that
derived from the load-time history traces.

6. A limited study to determine the damaging areas within each sortie code will be performed as an
aid to fleet management and fatigue conservation. This study will include the use of plots of
cumulative damage versus time (13).

7. The damage/sortie data will be used for fleet ianagement purposes.

8. In the longer term studies 1ll be made of the use of ajrcraft parameters to monitor fatigue
usage. These studies will attempt to form load predictor equations from measured load and parameter
time histories (see section 3) with two objectives in mind.

(1) to enable the longer term monitoring on the seven SUMS aircraft to be accomplished using
parameter recording rather than by using strain gauge responses (a greater degree of long
term integrity was expected from the parameter transducers)

(11) to enable studies to be made of simplified methods of monitoring for possible fleetwide
usage (for example can fin load be monitored simply by measuring rear fuselage lateral
acceleration?).

12. CONCLUSIONS

Following a summary of the background work which led to the definition of the requirement for a
comprehensive fatigue monitoring study on seven RAF Tornado aircraft a brief description of the instrumen-
tation, calibration and ground analysis techniques was discussed.

Initially the main effort was seen to be based on the use of loads data derived from strain gauge
responses from fully load calibrated aircraft. At a later stage it is planned to make use of load predic-
tion equations derived from flight response parameter data.

Longer term plans to examine simplified methods of approach for fleetwide fatigue monitoring are also
noted.
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Port wing

TABLE 1

DEVELOPMENT AIRCRAFT "LOADS" CHANNELS

ITEM

Starboard wirs - main surface

slat tracks

slat jacks

spoiler position

main surface

flap tracks

spoiler jacks

flap jacks

Kruger flap jack

spoiler position

Starboard taileron

Port taileron

Fin

Heat exchanger fairing

Rear fuselage

Front fuselage

Rudder jack

Airbrake jack (port)
Starboard wing sweep actuator

Port wing sweep actuator

Total load channels, excluding stores

TABLE 2

SELECTED DATA RECORDING FOR FIRST AIRCRAFT

ITEM

15 stain gauge respon.es

1 strain gauge response
elapsed time (minutes, seconds)
ajrspeed

altitude

outside air temperature

flap position

slat position

H P rpm (port)

H P rpm (starboard)

wing sweep angle

power lever setting (port)
power lever setting (starboard)
nozzle area (port)

nozzle area (starboard
taileron position (port)
taileron position (starboard)
rudder posftion

outboard spoiler (port)

inboard spoiler (starboard)

6 accelerometers (3z, 2x, ly)

CHANNELS
9
6
2
2
6
5
2
2
1
2
5
1)
?
2
13
2
1
1
1
1
75
SAMPLES/SECOND
16 each
32
2 +2
4
&4
4
4
4
4
2
2
2
4
4
16
16
8
16
16
16 each
486

Total

The remaining 26 samples/second are used for control purposes.

During quiescent period all sampling rates are compressed to 1 sample/second.
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STRAIN GAUGE CHANNEL.: 7O RX RECORDED ON ls+ AIRCRAFT

+ Wing root bandtng, purt

« Wing root bending, starboard

. Wing station 1 bending, starboard

. Wing staticn 2 bending, starboard

+ Rear fuselage bendiag

+ Taileron root shear, port

- Tafleron root bending momen’ , port

« Tafleron root torsion, port

» Taileron jack load, port

. Taileron root shesr, starboard

+ Tatleron root bending moment, stalboard
. Tatleron root torsfon, starbosrd

« Tafleron jack load, starboard

» Fin roct sheac

» Fin root bending moment ‘
« Fin root torque

TABLE 4

CALYBRATION LOADING - SUMMARY

Wing loading points 10
Loading cases, uncombined strain gauge bridges 16
Loading cases, combined strain gauge bridges 21

Fin loading points 11

Loading cases, uncombined strain gauge bridges 21

Loading cases, combined strain gauge bridges 21

Taileron outer bearing cases 8

Taileron panel loading points 9
loading cases 20
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TABLE 5

ACCYTATY OF THE CALCULATION OF LOCAL LOADS OR STRESSES

16-8
STRI'CTURAL PARAMETZR
CUMPONENT
Tatlezon spanwide stress
Skins spanwise stress
chordwise stress
spanwise stress
Fin end load
end load
cnd load
principal stress
Wing principal stress
Skine principal stress
principal stress
Wing Carry- end load
Through Box end load
end load
end load
NOTES
Equations are of the form:
1. Parameter = aM + bS = cT
2., Parameter = AN + bT

3. Parameter »
4. Parameter =
5. Parameter =
6. Parameter =
7. Parameter =

8. Parameter =

aMI + bM2 + T
aM + bTL + ¢T2
a8 + b{Msin @ + Tcosd)

aMicos® + b(M2sin® + Tcos®)

FROM OVERALL LOADING

LOCATION

rear spar, outboard
rear spar, inboard
root rib, forward

front spar, outboard

forwurd pick up
centre plck up
rear pick ug
£roitt spar

i{nboard rylen
outboard pylon
inboard rib

aft, outboard link
forward, outboard link
aft, centre post

forward centre post

25 + bMleos® + c(M2sinf + Tcosd)

a

where &, b, ¢ are coefficients

M, T, S are SUMS measured bending moments, shear torque

© is a measure cf wing sweep

n e e .

PREPPIEN - .

TORM OF
EQUATION
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CORRELATION

1,0000
1,0000
0,99%9
1,0000

0,9982
,9999
1,0000
0,9916

0,9964
0,9999
1,0000

0,9999
1,0000
0,974
0,9997
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TABLE O

DEDICATED SHAKEDOWN FLIGHT MAVJEUVRES FOR AIRCRAET
ALLOGATED TO EMPENNAGE LOADING STUDIES

Prior te f)ight
1.  Record al} gruund datums

2. Move all control surfaces tueir full travel and hold

During flight
1. Perform datum manosuvi~s

1.1 0 to 23 roller voaster at forward wing sweep

1.2 Steady heading cideslip
2. Forward wing sweep

2.1 Wind up turn

2.2 Three rapid rotls at dffferent 'g'/Mralt combinations
3. Mid wing sweep

3.1 Wind up turn

3.2 5ix rapid rolls at different g/M/altitude combinations
4. Aft wing sweep

4.1 Wind up turn

4.2 Five rapi4 10lls at different g/M/alt.zude combinations

5. Repeat datum manoeuvres befcre landing

Post flight

1. Record all ground datum values.

TABLE 7

HEAVER BLOCK LIFURMATICN ON THE COMPUTYEK COMPATIBLE TAPE

Cessette serial number and £1ight numbaer
Date 1ecorded and replajed

Afrcraft Tasl Number

Sortie pattern code

Fatigue meter counts

Fuel at start

Fuel received (air-to-air)

Fuel at shut down

Stores at each of seven pylon locations

TABLE 8

FATIGUE MONITORING LOCATIONS

GENERAL AREA NUMBER OF LOCATIONS
Forwsrd fuselage 1

Centre fuselage 7+7

Rear fuselage 6 +3

Wing 34+3

Wing carry through box 5+3
Taileron 6+6

Fin 4

NOTE: Locations shown a + b imply monitoring on both port
and starboard sides
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Fig1 TORNADO
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Torsion

Fuselage Vertical Bending
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Fig2 Loed Monitering Stations
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SUIVI 0<S CHARGES EN SERVICE DANS L°ARMEE DE L'AIR FRANCAISE
DEFINITION D'UN NOUVEAV MATERIEL

L. BARANES ET J.P. CORNAND,.STPA 4, Av. de la Porte d'Issy PARIS (FRANCE)

I.- INTRODUCTION.

Cet exposé présente briévenment le developpement d'un nouveau s/steme de suivi as
charges en service pour les avions de 1'Armée de 1'Air Frangalse. Ce systéme a été développé
pour remédier aux lacunes des systénes actuels (accelerocomptours) en offrant une possibi-
1ité d'acquisition de paramétres multipxes associée 3 une meilleure logique de rAductisn do
données. Les points suivante cont p—--nuo

TSCRTES .

- Le suivi des charges actuel, en insistant sur les problémes posés par
1'utilisation de "simples" accélérocompteurs.

- La définition des caractéristiques d'un nouveau systéme et l'expérimenta-
tion des prototypes.

- La description de la version de sérle de ce nouveau systéme (SPEES).

- Les applications envisagéss et les développements futurs considérés
pour le systéme.

II.- HISTORIQUE - SITUATION ACTUELLE.

A 1'heure actuelle la plupart des flottes d'aviens de comhat de 1'Armée de 1'Alr
sont équipés dans une proportion importante d'accél ‘rocompteurs conme moyen standard de
suivi des charges en service. (Cf. P1, 1)

L'utilisation de ces apparells est maintenant généralement acceptée et a déjd permis
de montrer 1'utilité du suivi des charges sur les avions de combat.

Sans revenir sut les différents avantages qu'on peut théoriquement tirer de ce suivi,
on peut néanmoins citer deux exemples de retombées positives :

- Le Mirage F1 emporte en bout de voilure deux engins Hagic. Ces engins sont m 1.2
d‘ailettes importantes pour permettre une bdonne manoeuvrabilite, mais quand ils sont lice
a 1’avion, ils subissent de ce fait des efforts aérodynamiques importants qui accroissent
notablement le moment de flexion par G le long de la voilure. Combiné avee le pourcentage

important de vols ol ces engins sont emportés, ce fait avait une influence négatitv trés
Importante sur la tenue en fatigue de la voilure.

Cet effet a été mis en lumiére par la campagne de suivi des charges sur le Fl st
en conséquence il a été décide d'utiliser pour les missions non opérationnelles un Magic

d’entralnenent 3 ailettes rognées, voire supprimées, afin d'annuler cette augmentation du
moment de flexion,

- Le JAGUAR est un avion d'appui franco-tritannique en service dans les Armées de 1'Air
des deux pays. Le suivi des charges dans 1'Armée de 1'Alr frangaise a montré une utilj .ation
nettement mofns sévére que dans la Royal Air Force et a ainsi permis de limfter ct dr retar-

der 1'application de modifications colit <es, avec les é fes correspondantes.

D'un autre coté 1'utilisation d'accelerocompteurs a donné lieu a un certain nombre
de difficultés liées aux limitatfons de ce systéme :

. Appareil monocanal : c'est la limitation la plus évidente : ce systeme ne donne
pas d'!nformatlon sur un phénoméne non 11é directement cu parametr* mesuré (dans ce cas 1'ac-
célération verticale 2u centre de gravité). Parmi les points d'intérét non accessibles figu-

rent par exemple les charges sur les parties arriéres de 1'avion ou les cnarges dissymétriques.

. Logique de comptage. La logique de réduction de données adoptée érait facile 3 réa-

liser avec 13 technologie disponible quand cet ap il a été congu, mais elle impligue une
importante perte d'information.

Cette perte peut conduire & des pxoblemes lorsqu'on doit reconstituer un spectre
avec les quelques points de mesure obtenus (nécessité ¢ “*tablir des régles d* lnterpolation et
d'extrapolation), surtout quand les niveaus de comptagc a». ,nt sas bien adaptés au spectre a
obtenir. Le résultat final (par exempie une vitesse d'er s, igement en un point de la structure)
est lui trés sensible & la >nne adéquation de ces régles.

On peut citer comme exemple le cas d'un avion de surveillance maritime pour leguel
les niveaux de cumptuge n'étalent Initialement pas trés resserrés dans la bande 1:§ i 2 G. Le
spectre mesuré étant assez plat, il était consideré satisfaisant d'utiliser une lnterpolation
1linéaire entre deux niveaux de comptage volsins, on 1'occurence 1,3 et 1,8 G. Cependant comme
les charges de cette amplitude étaient les plus endommageantes - compte tenu de leur fréquence -,
11 a été décidé d'augmenter la preclslon des ~esures dans cette zone (au détriment d'autres,
le ncmbre total de niveaux de comptage étant rixé) en ‘ntroc.iisant des comptages aux niveaux
1,3, 1,5, 1,65 et 1;8G. Cette lntroouction a peenis 1tétablissement de régles ﬂ'interpol*tion
légeremenc differentes qui, appl!quees a la méme base de donnee,, se traduisent par une diffé-
rence de pr's de 20 % avec la durée e fnftia?e, (Cf.

-




De pluc cette loglque de comptage ne permet pas d'appréhender deux effets auxquels
les modéles actuels de fatigue et de propagation accordent une place importante.:

- La séquence des charges

- La valeur des charges maximales subies : le nombre limité de compteurs
disponibles oblige en effet & répartir les niveaux de comptage sur toute la plage des

facteurs de charge utilisables avec une densité assez faible (typiquement 1 a 1,5G entre
deux niveaux consécutifs pour un avion de combat).

informations cree une charge de travall trés raisonnable pour de petites campagnes de suivi,
mals de plus en plus difficile a accepter pour le suivi 3 long terme de flot’ 3 omportantes,

‘L . Recueil des informations : la nécessité de lire et transcrire manuellement les

111.~ NUVELLE PERCEPTLION (v BESOLIN, ;

—y -

Ces derniéres années ont vu se dévelcooer en paralléle deux phénoménes : F

- la prise de conscience par 1'utilisater que le sulvi en service pouvait avolr des
effets concrets positifs, Bicn que la mise en place de ce suivi aft commencé au milieu des
années soixante dix, les résultats ne sont devenus vraiment significatifs et exploitables
nue lorsque la majorité des avions d'une flotte a éL€ équipé pendant un pourcentage important
de leur temps de vol, Jusqu'd ce moment 13 les informations foucnies étalent de nature statis.
tique, ce qui, sans manquer d'intcret, offrait peu de possibilités d'action. Par contre
une bonne connaissance du passé de chaque avion permet d'envlsager des actions de gestion de
flotte, et l'arrivée a ce stade a fait naltre dans 1'Armée de 1'Air un intérét croissanrt,
associé 3 des demandes nouvelles (présentation d=s résultats, travaux d'extrapolation ...)

- la prise de conscience de plus en plus aigiie, au sein des organismes chargés de
l'exploitation des mesures, des c¢ifficultés et limitations cltées plus haut :

. apparet) mono-canal,
. logique de réduction de données peu performante,
. transcription manuelle des données

et de 12 nécessité de disposer d'un moyen d'investigation plus performant, en parti-
culier au vu des points suivants :
i - le souci d'étudier des charges non liées au facteur de charge vertical
{charges sur empennages horizontal ou vertical par exemple, charges liées a une utilisation i
particuliére : tir canon, viilles ... & une configuration particulisre @ charges sur
dispositif hypersustentateurs).

- le souci d'étudier les charges sublies par des avions plus gros ol la scuplesse
de la structure 3 une inflence importante sur les charges qu'elle subit (avions de trans-
port par exemple).

- le souci d'ldentifier mieux les causes de 1' endommagement des avions. Ce souci
est en particulier motivé par la constatation faite ces dernieres années selon laguelle la
sévérité de 1'utilisation des flottes allait en croissant, sans que cette tendance ait trouvé
une exmplication ratfonnalle et certaine. (Cf. P1. 3)

- 1a compllcat!on importantc apportée au suivj des charges par l'utilisation de
commandes de vo) électriques sur des avions comve le Mirage 2000, qui introduisent des
couplages dont les effets sont difficiles & cerner sans le suivi d'un ensenble complet de
paramatres.

Pour 1llustrer ce point on peut irdiquer que des charges majorantes sur la
dérive du Mirage 2000 ont été obtenues dans un cas de ressource symétrique, avec erport de
charges dissymétriques = la dissymétrie de la configuration entra!ne un braquage des élevons
dissymétriques et un braquage du drapeau, les COVE cherchant a maintenir pendant la manoeuvre
ies ailes horizontales et l'abssnce de dérapage. Dans un cas de vol ol cette manoeuvre attefi-
gnait la saturation des servocommandes des €levons, le braquage drapeau demandé s'est trouvé j
excessif et a indult un dérapage important.

La prise do conscience de ce hesoin n'a bien sir pas été limitée & la France
et le développement de nouveaux systcmcs d'acquisition a été lancé dans un certain nombre de
H pays. Cependant les matériels connus 3 1a fin des années 70 ne paraissant pas répondre comple-
) tement aux besoins tels qu'ils étafent pergus en France, les Services Officiels Francals se
sont penchés sur la définition d'un nouveau type de matériel apte i compléter l'accélero-
cumpteur.

. Ce travail a été pour sa plus grande partie effectué au CEAT (Centre d'Essais

Aéronautique de Toulouse), fort bien pldcé pour l'effectuer puisqu'il a la charge de 1'ex-
ploitation de pratiquement toutes les campagnes de relevés sur les avions militalres frangais.

La réflexion s*est articulée autour des axes suivants :
a) Le matériel A définir devrait pouvoir servir :

3 1'étude d'un probleme identifié,
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. & la boniie connaissance des charges sur quelques avions d'une flotte, afin
de permettre un recalage des autres avions equlpes d'un moyen de sulvi plus
simple (cette optique correspond sensihlement & celle exprimée par 1'USAF
dens 1'ASIP (Air Force Structural Integrity Program) : MIL-STD-1530).

b) 11 devrait fournir une information Jda borne "qualité", c'est-i-dire permettant d'effec-
t er, immédiatesent ou a postériori, des corrélations entre paramétres et des calculs de

fa’igue ou de mécanique de la rupture suivant toute loi de comportement choisie par 1'uti-
sateur.

~

¢) Il devrait étre suffisamment petit pour €tre installé sans dégradation des performances

sur un avion de combat opérationnel et son utilisation devrait poser la contrainte la plus
faible possible au personrel mettant 1'avion en oeuvre.

d

-

11 devrait étre autant que possible banalisé pour que son adaptation d .ne utilisation 3
1'autre soit aisee. I1 a été considéré deés 1'oriuine aue oa matiriel nz 5i,ait prubabiec.
meik lnslailé quren petit nombre sur un type d'avion donné et pourrait étre utilisé suc-
cessivement pour plusieurs applications.

~

e) La gestion et 1'exploitation des informations recueillies devrait &tre la plus simple pos-

sible.

Les p-incipaux choix & faire portant sur les Informations 3 recueillir et le
principe de fonctionnement, ceux-ci ont été examinés successivement :

Informations 3 recueillir,

Elles sont de deux natures :

- les “paraméetres d'utilisation" (date, unité, base, mission, configuration, événements spse:

fiques au vol ...) nécessaires pour une exploitation statistique fine et dans certains cas
pour le calcul des charges lui-méme,

- les paramétres permettant d'accéder & 1'évolution des charges aux points de 1'avion consi-
dérés. Ils peuvent étre en norbre trés variable et de différents types :

- }Jauges de contraintes,

- parametres avion : vitesses, accélérations, altitude, Mach, braguages, confi-
guration 3érodynamique, masse ...

- temps.

Principe de fonctic t.

Les "parsmétres d'utilisation” cités ci-dessus sont discrets (cne valeur par vol)

et ne sont en général pas accessibles par une mesure mals deivent étre obtenus auprés de 1'uti.
lisateur.

Le traitement des autres paramétres pour obtenir par exemple une estimation de
1'endommagement peut se faire selon différents procédés indiqués dans la planche 4.

Les principales remarques qu'on peut faire sur ce tableau sont :

les matériels des colonnes 1 et 2 sont trop rudimentaires ou pas suffisamment au point dans
leur état zctuel pour répondre au probléme,

les matériels de la colonne 3 néces;itent un volume considérable de stockage a berd et de
traitement au sol, certainement rédhibitoire pour un enregistreur multiparamétres. Ils ne
semblent guére adaptés au probléme du sulvi continu, sauf dans certains cas ou des avantages
spécifiques peuvent les rendre intéressants,

le principe de la colonne S présente un Inconvénient majeur : celuf d'utiliser un calcul
nésessalrement figé et de ne pas lalsser subsister les informations interrmialaires nécessai-
res & d'autres traitements (statistiques, corrélations, passage d'un modéle d'initiation

3 un modéle de propagation de fissure par exemple).

Le principe d'enreyistrement avec réduction de données a donc été retenu, car
compatible avec les objectifs recherchés. flestalt a choisir la logique de réduction de
données qui permettrait la perte d'information minimale.

Aprés examen des log!.ues les plus fréquemment rencontrées (Cf.planche 5) et
au vu des criteres de choix exposes ci-dessus, 1l a été décidé de retenir une logique asso-
ciant la détection d'extrema et la notion de paramAtre "pilote" :

. Notion de parametre pilote.

11 a été considéré que sf la reconstitution de 1'histoire des contraintes en un
polnt pouvait nécessiter la connaissance d'un nombre relativement élevé de paramétres (sauf
evidemment si une mesure directe est faite en ce point), un certain nombre de ces paramétres
étajent 3 variation relativement lente voire nulle (ex : masse de carburant, Mach, configu-
ration ...) et donc que ce n'étalt pas ceux-ci qui détermineraient un évenement significatif.
On a donc décidé d'isoler et de ne "traiter" par la logique de réduction de données que le
pe*it nombre de paramét.us a évolutions rapides (ex : facteur de charge, vitesse de roulls ..)
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permettant d'isoler ces éveénements significatifs . Lorsque la logique de triaurait détecté un
extremum (voir ci- dessous) sur un de ces parametres, dits "pilotes" dans la suite, l'ensem-
ble des autres parametres serait acquis simultanément & cet instant jugé lnteressant. (Cf. P1.7)

. Détection d'extrema,

La logique de triretenue est l'extraction et le stockage séquentiel des extrema,
partir d'un algorithme simple, basé sur : (cf. P1. 6)

Ce tri s'effectue a

- la numérisation du signal % une cadence suffisante au vu des fréquences carac-
téristiques des phénomeénes considérés,

- la reconnaissance d'un extremum

- la reconnaissance du caractére significatif d'un extremum, basée sur une
valeur de "seuil" cholsie a priori.
(Un extremum est jugé significatif et donc conserve si i1 est séparé de
l'extremum précédent, et donc de sens opposé, par une valeur au moins égale
a ce seull).

Cette logique présente les avantages suivants :

. elle permet 1'utilisation de 1l'ensemble des lois de comportements actuelles
ou envisagées,

elle permet une bonne reconstitution de 1'histoire d'un vol, y compris la
chronologie des événements, la distribution entre les différentes phases du
vol ...

Par contre elle présente quelques inconvénients :
. elle nécessite un volume ¢ stockage relativement important,

. ce volume est variable d'un vol i l'autre, et de manidre imprévisible, puis-
qu'il dépend de la sévérité du vol. Cette variabilité né ite de conserver
des marges au niveau du moyen de stockage utilisé pour ne pas risquer de
perdre de 1'information.

IV.- DEVELOPPEMENT DU SPEES.

Les objectifs et les principes dégagés ont conduit le CEAT & développer un systéme
probatoire destiné i montrer la faisabilité de 1'approche considérée.

Ce systeéme, connu sous le sigle  SPEES : Systéme Prototype pour 1'Etude de 1'En-
dommagement Structural, a été construit avec les performances sulvantes :

- capacité d' acqulsltion de 16 paramétres dort 4 pilotes, plus le temps écouléd
depuis le début du vol,

- cadence de numérisation de 50 Kz

- afin de ne vas &tre limité par la capacité de stockage pour les expérimentations,
un systéme de stockage 3 capacité trés large a été choisi, en 1'occurence un enre-
gistreur magnétique.

Ce matériel, construit sans satisfaire aux normes aéronautiques et sans souci
immédiat de compacité, s'est révélé relativement volumineux :

calculateur :1 ATR long
+ enregistreur : 1/4 ATR court.

Ce matériel a connu deux expérlences d'utilisation :

- quelques vols sur Mirage III B du CEV, l'appareil étant utilisé au maximum de sa capacite.
Cette operation a mis en évidence le bon fonctionnement de 1'appareil mais le caractére
limité de 1l'expérience n'a pas permis d'examiner l'ensenble des problémes d'utilisation

opérationnelle ;

- une campagne sur Transall en service, 1'appareil étant uniquement relié & un accéléro-
matre dans une premiére phase. Cette campagne a fait apparaltre une lacune 1wportantc :
1'absence d'acquisition des param-tres d'utilisation qui doivent actuellement €tre recueil-
1is séparément, en vue d'une adjonction aux mesures durant le trajtement : Ce procédé est
trés contraignant et présente des risques d'erreurs importants.

Cependant cette campagne limitée a dé}a permis d'illustrer de fagon paricis
spectaculaire la trés grande diversité des charges subies par cet avion en fonction Ju profil
de mission suivi, (Cf. P1. 9)

A la suite de ces premiers résultats encourageants, 11 a At déclde de procédev
au developpement industriel du systeme. Aprés consultation ce developpement a été confié i
la société El»ctronique Serge Dassault, et le sigle SPEES a été conservé, mais en prenant la
signification Systéme Pour 1'Etude de 1'Endommagement Structural, merquant donc la perte du
caractere prototype de ce matériel,

|
|
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En paralléle avec le développement du matériel de série, ESD a réalisé i partir
d'un matériel d'essais en vol existant un prototype industriel qui fait actuellement ses
premiers vols sur un des prototypes du Mirage 2000. Les mesures recueillies serviront de
support au développement des programmes d'exploitation actuellement en cours, La planche8
donne la liste des paramétres initialement retenus pour cette opération.

V.- DESCRIPTION DU SPEES DE PRODUCTION.

La version initiale du matériel a comme caractéristiques principales :

. boltier 1/4 ATR court (57 x 190 x 380 mm) masse { S kg (Cf. P1. 10)
. alimentation 400 Hr trinhacd
. Capacité d'acquisition :

20 voles analogiques haut niveau (0 a + 5 V) et/ou bas niveau (¥ 16 mV)

(cas par exemple de Jauges de contraintes : le systéme est alors capabie de
fournir 1'alimentation de ces jauges). Les Informations sont numérisées sur
8 bits

et 16 tops 0/+ 28V dont 2 tops pilotes.

base de temps incorporée ; capacité de comptaye d'un top (débit carburant)
scrutation de 1'ensemble des paramétres 3 50 Hz

capacité de stockage : 2 000 blocs de données
(1 bloc = un ensemble de 20 mesures + 16 états bdinaires + temps + totalisateur
+ indication du paramétre pilote ayant déclench€ 1'scquisition
+ buts de controle
= 32 octets

sur cassette amovible de 64 Koctets de mémoire REPRuM

(soit une autonomie d'environ 5 h en supposant une acquisition en moyenne toutes
les 10 secondss).

. A la suite de 1l'expérience précédente, le systéme a été doté en face avant d'un
panneau (visualfsation + boutons poussoirs) permettant le contrdle en piste de la chafne d'ac-
quisition et 1'insertion 3 la fin de l'enregistrement ¢'un vol d'un bloc de données contenant
les paramétres d'utilisation selon un format préprogrammé,

. De plus, et parallélement i la logique de tri déj3 exposée, le systime effectue
systématiquement une acquisition & Inlervalle fixe (typiquement 30 s), afin de permettre une
bonne reconstitution de la mission effectuée, méme dans les pérlodes oU il ne se passe pas
d'évenement Jugé significatif.

Développements futurs envisagés.

‘ L'architecture du systéme permet d'incorporer ultérieurement des options
telles que :

- pe 'utflisqation sur un avion disposant d'un bus de données (norme Digibus GAM-T-101),

pt 11ité de couplage 3 cette ligne pour le recueil dircct de paramétres disponibles sur
la ligne.

- Pour un avion ol le holtier ne pourrait pas éire placé dans un endroit facilement acces-
sible, possicilité de déport du panneau de dialogue et du logement de la cassette.

- Pour 1'étude des charges au sol (impact en particulier), possibilité d'incorporer un

buffer permertant une scrutation a cadence élevée (500 a 1000 Hz) suivie d'un tri en
1éger différé.

VI.- UTILISATIONS PREVUES.

feux types principaux d'utilisations sont envisag’~ :

, ke

. 1'équipement d'avions pour répondre 3 un probléme ponctuel identifié. Chronologique-~

ment c'est ce type d'utilisation qui arrivera en prenier, en particulier pour ies
avions suivants :

- JAGUAR : étudc des charges latérales (sur les avions frangais pour comparaison avec les
mesures e’fectuées au Royaume Uni).

- ALPHAJET : étude des charges sur parties arriires et sur extrémités de voilure, afin.de
détermin » les charges 3 appliquer dans un essal de fatigue de ces parties

(1'essal uve fatigue d'ensemble n'av-nt impliqué que la partie centrale du fuselage
et de la vollure).

. I'équipement d'un petit pourcentage d'avic. u'une flotte donnée. Ce type d'utilisation
répond aux soucls explicités plus haut et devrait donc permettre :

R R R SRR T L T

- a*acquérir unse bien meflleure connaissance de 1'utilfsation des avions et des causes de
ileur endommagement,
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- de recaler les mesures effectuées sur des avions équipés seulement d'accélérocompteurs,

- d'étre capable de réagir sans délai a l'apparitlon d'un probléme imprévu {découverte
d'un dommage en service par exemple) si 1'équipement en question est suf“isamment
complet,

- Le type de mesures et le mode d'exploitation choisis dependront 3 1a fols de 1'avion support
et de l'utilisation telle qu'elle est définte ci-dessus. Schématiquemeat les deux situations
extrémes envisagées sont les suivantes :

. étude d'un probléme ponctuel sur un avion a_l'avionique simple :

Les parametres recueiliis seroni e majorité les mesures de iauges de contraintes,
associées 3 quelques paramétres avion pour cerner la provenance des variations de contrain-
tes mesurées, L'exploitation se fera selon des méthodes proches des méthodes classiques
utllisees actuellement en essals en vol : établissement de spectres, passage aux efforts
généraux apres calibration (méthode de SKOPINSKI par exemple), établissement de corréla-
tions entre parametres ...

Suivi d'un_avion a 1'avionigue évoluée :

Sur ce type d'avion la priorité sera mise sur i acquisition de paramétres avion (vitesses,
accélérations ...) qui devraient €tre accessibles sans nécessiter de capteurs supplémen-
taires (sur une ligne bus ou directement sur les équlpements). Ce type d'equlpement

semble 3 la fols mieux adapté aux objectifs de ce suivi a priorl trés général et plus
facile (pour 1'installation comme pour la maintenance) qu'un équipement en Jauges. L'ex-
ploltation des mesures pour retrouver des contraintes (ou des efforts généraux) se fera

3 1'alde d'une méthode d'identification comme celle présentée par les AMD-BA dans un autre
exposé de cette conférence.

il est cependant certain que 1l'établissement de la fonction de transfert entre les mesures

fajtes et les contraintes cherchées sera beaucoup plus complexe que lorsqu'on utilisait un
appareil monocanal comme 1'accélérocompteur.

VII.- CONCLUSION.

Le systéme qui vient d'8tre briévement présenté doit selon nous répondre aux
wesoins identifiés en France pour un meilleur suivi en service des avions de 1'Armée de 1'Afr.
Aprés une phase de developpement et d'experimentation initial, il entre maintenant en utili-
sation effective, ol ses capacités pourront &tre pleinement demontrecs.

IS

Pour 1‘avenir, nous pensons que les principes qui ont donné naissance i cet appa-
reil doivent &tre déveioppés dans deux directions :

un appareil appliguant la méme logique de tr) & un nombre restreint de paramétres (1 & & par
exemple), capable de remplacer avec un encombrement et un colit réduit 1'actuel accélérocomp-
teur.

la disparition d‘appareils de suivi des charges pour les avions futurs !

L'acquisition, le tri c% le stockage de paramétres permettant de reconstituer
et d'expliquer 1'histoire des charges en un point de 1'avion sera toujours - et de plus
en plus - d'actualité sur ces avions, en particulier les avions de combat -ui deviennent
de plus en plus manoeuvrants et donc de plus en plus sensibles i la fatigu..

Par contre l'architecture de leur avionique fera que 1'ensemble de ces para-
métres sera certainement facilement accessible sur un bus de données. Il sera alcrs beaucoup
plus simple d'intégrer a un des calculateurs de bord cette fonctlon "surveillance des charges"
que d'introduire un rouvel appareil spécifique.

Cette intégration - que subiront probablement d'autres tonctions comme la surveil-
lance des parametres moteurs - sufvra donc la vole ouverte par l'electronique de bord pour
lesquels 1'autosurveillance et le diagnostic des pannes sont désormais la régle.

Néanmoins cette intégration ne se fera que pour la prochaine generation d'avions
et n'est guére envisageable pour les avions actuels, y compris les plus récents comme le
Mirage 2000 qui entame 3 peine se vie opérationnelle. Un appareil comme le SPEES a donc encore
une longue carriere devant lui.
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PLANCHE 1 : ARMEE DE L'AIR FRANCAISE - EQUIPEMENT EN ACCELERQCOMPTEURS DES FLOTTEC.

FLOTTE POURCENTAGE D’APPAREILS EQUIPES
M!RAGE 2000 MISE EN PLACE EN COURS
MIRAGE F 1 100%
MIRAGE Il + 6 0% *
JAGUAR ~  100%EN 1984
MIRAGE IV A 40%
ALPHAET 100%
FOUGA 10% ()
EPSILON MISE EN PLACE EN COURS

(*} CAMPAGNES STATISTIQUES SEULEMENT (PAS DE SUIVI INDIVIDUEL).

PLANCHE 2 : EXEMPLE DE PROBLEME D'INTERPOLATION DES SPECTRES.

FACTEUR DE CHARGE
4
23 |——y ANCIENNE REGLE D'INTERPOLATION
ECART DE 15A20%
UTILISATION DE NOUVEAUX SUR L’ENDOMMAGEMENT
'8 NIVEAUX DE COMPTAGE
. '
"
o =
15 ~
\7\\:_ -
—_—
13 \
—
1
08 FREQUENCE CUMULEE
08
03
+ ANCIEN NIVEAU

© NOUVEAU NIVEAU
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PLANCHME 3 : EVOLUTION DANS LE TEMPS DE LA SEVERITE DES SPECTRES (MIRAGE F1).
FACTEUR
DE CHARGE
.
102 FREQUENCE
' i ’ CUMULEE PAR HEURE
o— - -
e
ke
/ s
7
L] 0/
m—— ¢ —= AVANT
1982
— —o —- DEPUIS
PLANCHE & : PRINCIPES DE FONCTIONNEMENT POSSIBLES.
1 2 3 4 [3
LSS o .
ALAC U ENREGISTREME
FRINCIPE PHYSIQUE DU MATERIEL | ENREGISTREMENT | AVEC REDUCTION §  TRAITEMENT
DU MATERIEL CONTINU DE DONNEES ABORD
INDICATION  INDICATION
TOUT OU RIEN] EVOLUTIVE
FONCTIONNEMENT GRANDEURS CARACTERISTIQUES DE L'UTILISATION
REDUCTION
DE DONNEES
Pgmgmsms
1 ;
A:INTRODUCTION QUE ENREGISTREMENT-IlENREGISTREMENT TRAITEMENT
EVENTUELLE
DE PARAMTETRES
d 1
DUTILISATION | o o , -
SOL I R
LECTURE| |MESURE TRAITEMENT TRAITEMENT LECTURE
- SYATISTIQUES ]
SUR L'UTILISATION ‘
RESULTAT (EX. : ESTIMATION DE L'ENDOMMAGEMENT)
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PLANCHE. 5 : LOGIQUES

POSSIBLES DE REDUCTION DE DONNEES.

LOGIQUE PRINCIPE SOMMAIRE RESULTAT : TABLEAU
COMPTAGE J_ SEUIL. DE COMPTAGE 1 DIMENSION
CONDITIONNEL .
DE DEPASSEMENTS 1 SEUIL DE REARMEMENT
COMPTAGE
[}
EXTRACTION D’EXTREMA SPEES 1 DIMENSION

STOTKAGE SEQUENTIEL

LONGUEUR VARIAbLE

"y

COMPTAGE 1 DIMENSION
DEPICS S 3=~ COMPTAGE
COMPTAGE
D'AMPLITUDE 1 DIMENSION
COMPTAGE AMPLITUDE
MOYENNE-AMPLITUDE MOYENNE 2DIMENSIONS
—~ SANS ORDRE DE CYCLE
“RAINFLOW"

2 DIMENSIONS
— AVEC ORDRE DE CYCLE
1 DIMENSION x 2
LONGUEUR VARIABLE

EXTRACTION
v SUCCESSIVE
g DE CYCLES
IMBRIQUES

PLANCHE 6 : LNGIQUE CHOISIE.

P Rl O e

pont, AT <

EXTRACTION ET STOCKAGE
' MA.

§EQUEN| TEC
PARAMETRE PILOTE &\M/

SEVIL DETRI I

ECHANTILLONNAGE ta o rinpinseetertitigieiesiotesiigaoeyisgegts

DETECTION EXTREMUM 1 IR ARES N SRR 8| Llat
NEGATIF 11 11 LI 1
TEST ENDOMMAGEMENT
POSITIF 11 11 1

—l L 1
(ENREGISTREMENT) \A

VALEURS ENREGISTREES

/\/\\




’ PLANCHE 7 : NGiION DE PARAMETRE PILOTE - ACQUISITION ET STOCKAGE PROYISOIRE.

TEMPS —
ECHANTILLON N3 N N1 (1

STOCKAGE
PROVISOIRE ﬂIm
DONNEES

PARAMETRES
PILGTE 4 1 2 3

|

| 1 T ]
ANALYSE Pl P2 P3 PA
‘ :
TEST N N N N
EXTRZMA .
SIGNIFICATIES § o el 3

ACQUISITION _J
SUIVANTE

) 4

Y

STOCKAGE DEFINITIF ECHANTILLON

PLANCHE 8 : MIRACE 2000-02 - LISTE DES PARAMEIRES.

~ VITESSE
~ MACH
— PETROLE RESTANT
— FACTEUR DE CHARGE ngz —
— VITESSE DE ROULIS S E—
— ACCELERATION DE ROULIS

— ACCELERATION DE TANGAGE
h — INCIDENCE PARAMETRES PILOTES
) — DERAPAGE
; - BRAQUAGE ELEVON GAUCHE ~—— ]
— BRAQUAGE ELEVON DROIT

— BRAQUAGE DRAPEAU [ SE—
— FLEXION VOILURE AU CADRE PRINCIPAL AV

— FLEXION VOILURE AU CADRE PRINCIPAL AR

— FLEXION DERIVE A ATTACHE AR

— POUSSEE MOTEUR
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PLANCHE 9 : SPEES PROTOTYPE

: EXEMPLE DE MESURES SUR C-160 TRANSALL.

2

—

VOL TACTIQUE (BASSE ALTITUDE)
MISSION DE 1h 40

NOMBRE D'EXTREMA RELEVES

DANS CHAQUE INTERVALLE

—
ENTRAINEMENY
MISSION DE 0 h 40

VOL LOGISTIQUE (HAUTE ALTITUDE)
MISSION DE 4 h 50

PLANCHE 10 : SPEES - PRODUCTION SERIE.
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PLANCHE 11 : CONDITIONS D'UTILISATION ET D'EXPLOITATION.

- ad

|
|

ACOQUISITION
‘ION

pee = ——— e ——

1
EXPLOITATION
LOCALE

BASE
AERIENNE

EXPLOITATION !
CENTRALISEE
CENTRE

TECHNIQUE !

soL

voL

PARAMETRES
O'UTILISATION

1 JAUGES

PARAMETRES
AVION

TEMPS

!

NUMERISATION

CONCENTRATION DE DONNEES—I

@ mr—— —— & — —— -

ENREGISTRFMENT

CONTROLE PARTIEL

h

DEPORT CASSETTE

—— b

- —

TRANSCRIPTION INFORMATIQUE

[ CALCULS

A

ESTIMATION DE
'ENDOMMAGEMENT]

CORRELATIONS

STATISTIQUES
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FLIGHT PARAMETERS RECORDING FOR STRUCTURE
FATIGUE LIFE MONITORING
by
F. Staropoii
AERITALIA
Gruppo Velivoli da Combattimento
Corso Marche, 41 - 10146 Torino
ITALY

SUMMARY

‘The philosophy shown in this work is based on the in flight parame-
ters recording technique which becomes more inviting because of the
trend of the aircraft te an ever increasing advanced technology and
an ever increasing sophisticated avionic system for control and
maneuverability purposes.

So, in these cases it is already available on board a largs data
amount which, in terms of parameters, can be recorded during flights
on a magnetic tape in digital form.

It is avoided, by this way, the installation of several and various
sensors (accelerometers, angular deflections transducérs, etc.),
being all the necessary parameteric informations directly extracted
from the main computer without significant changes in the aircraft
avionics.

The analysis and calculation have to be done on groungd, where the
computation capabflity can be convenient to meet the proposed aims.
Italian Air Force committed a job for the TORNADO Aicraft, based on
the above philosophy, which provides, in addition to the structure
fatigue life monitoring, the engines low cicle fatigue counting and
full maintainability.

1. PARAMETERS RECORDING

The TORNADO maintenance data recorder system can operate on board and on ground in two different phases:

a) on board, reading all the relevant parameters from the Data Acquisition Uni’ and general-

ly from the units which contain them.

A list of flight parameters, necessary to account for the fatigue life of each primary
It has to be considered redundant for military
aircraft with technologically low content and for ¢ivil aicraft which have simple flight
profiles, while becomes necessary for the TORNADO because of the very large variety of

structural component, 1s shown in fig. 1.

missions, configurations ond manoeuvre capability.

The sampling rate may be largely variable, depending on the kind of parameter and aircraft
transport aircraft nced a ~ampling frequence sensibly lower than fighters. However,
8 samples per second, a- far as sampling rate is concerned, can satisfy the current meto-

(lass:

dclogy.

b) on ground, providing to read the recorded magnetic tape (cassette) in the Automatic Ground

Stutien

The AGS consists of a computer unit inproved by a disk and magnetic tape memory with gra-

(AGS) . to analyze and elzborate the flight.

phical output facilities on printer - plotter.

The software has two block - programs sequentially arranged:
external load time - histories on the monitored structural components; the results of this
elaboration don't appear externally but they are memorized in a disk in crder to be used

by the second one which performs the structural damage calculations showing the whole out-

put tc the cystem'’s users.

2. EXTERNAL LCAD TIME - HISTORIES

A preprocessor in the AGS automatically prepares the data sel which will be given to the computer program
that ~lects the interesting slices, as far as structural futigue damage is concerned, on the basis of the

parar.. :ers variability, in order to save processing time.

the first one produces the
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To meet this aim, the recorded intervals to be analyzed are selected only when the most important parare- §
ters (vertical acceleration , rolling velncity, rolling acceleration, etc.) show significant magnitude

variation. The remaining intervals are not analyzed.
The step subsequent Lo the choice of the interesting intervals, is the translation of the parameters time- |

histories into external loads historics on each relevant component.
To do it, two different ways were taken into account:

! a) to use theoretical algorithms only.
b) to organize a normalized data bank obtained by external loading in flight recording proce-

dure on prototype aircraft, in order to read by interpolation the in service manoeuvres,
having the external loads output on the component.

The second approach, that allows a higher load calculation accuracy has to be preferred mainly when the

aircraft is well known as far as flight test measurements are concerned.

; This is the situation of the TORNADO which has a very large data bank, coming from several years of proto~
types flight activity.

The fig. 2 shows the flow of the loads calculation steps.

e

3. STRUCTURAL FATIGUE DAMAGE COMPUTATION
The fig. 3 represents the calculation flow - chart of the fatigue analysis block program. The following

paragraphs explain in a more detailed way the different aspects of the above analysis.
3.1 Main program and aircraft data bank
The main program takes two different inputs:
a) - from the cassette containing the recorded flight data
Aircraft identification code
Endurance (hours) of the flight (or flights) rscorded on the cassette

b) - from the structural fatigue data bank (fcr each aircraft) :

-~ cumulated flight hours

- load - stress correlation factors to translate the load time - histories
into stress ~ histories for each structural component.
These factors are depending on the structural geometry and materials of ‘
each critical area and in addition they can take into account the differences,
among the aircraft of the fleet, coming from several configurations (repairs,
components substitution, redesign, etc.) .

Cumulative damage values for the components.

- Safe fatigue life of the components.
The safe fatigue life of each component, stored in the fatigue data bank, is derived from test results.
In other words in the data bank the component tested fatigue lives only and not the design ones are sto-
red, in order to perform a relative Miner rule calculation.
The data of an aircraft are retrieved from the data bank using the aircraft identification number written

on the cassette,
The subsequent computation proceedes up to the last component and then two subroutines update the damage

values in the aircraft data bank.

£

o,

L 3.2 Data filtering and elaboration

The structural fatigue program has a subroutine using, a8 input data, the load time - histories.

The load values are transformed into stress values (see 4.1.b) by some conversion factors which are to be
considered a proper characteristic of each individral aircraft.

The reliable acquisition of the above conversion factors is radec from the stress analysis and the fatigue i
certification (fatigue tests with strain gauges measurements) .

Each stress value is compared with the previous one and rejected if no change in sign is discovered in the
time - history derivative.

Using this way, a sequence composed by relative max and min values can be extracted.

In order to avoid the analysis of a large quantity of data, a filter rejects the stress peak values lower
than Ae' relative to the last accepted 6 valye.

The adopted A& ingerval is equal to 5 N/i which is corresponding, for a cycle at R = ~1

( € MAX = 0.5 N/mm" and 6 MIN = 0.5 N/mm") and 2024 - T3 aluminum alloy at KT = 3, to a damage <

value order of 1.E - 18.
The fig. 4 graphically shows the filter action.
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3.3 Cycles counting method

A subroutine counts the stress fatigue cycles using the Rainflow Method of cycles definition.
It is widely known that this method allows to process a great number of data with a better cpu utilization,
Once a fatigue cycle is counted it is passed to the next subroutine for the damage calculation.

3.4 Damage calculation

The subsequent subroutine makes the components cumulated damage calculation.

It is made cycle by cycle following the Palmgreen - Miner rule which is considering, as consequence of a
fatigue cycle, a life consumption equal to 1/N, where N is the number of cycles which is consuming the
total life.

The fatigue curves are contained themselves in the structural fatigue program data bank, and they are stric-
tly correlated with the test results,

The cycles wholly in compressive field are neglected by no damage attribution.

The cycles at "R" smaller than <1 are considered as combination of one cycle at R = -1 between 6 uax
and - 6° MAX, and an other one between -~ 6 MAX and .6 MIN not damaging the structure (see fig. 5) .
It has to be considered true below the material yielding thresholds.

3.5 Qutput organization

At the end of each damage calculation on the monitored components a subroutine provides for the updating of
the aircraft data bank,

The fig. 6 shows the data bank organization.

It may be noted the presence of a dummy component (n. 21) that has to be considered as an ideal one which,
loaded by the wing bending moment spectrum, allows a comparison, on a damage basis, cf the aircraft of the
monitored fleet.

From the above data bank a full output can be shcwn if requested from the AGS. It is arranged as reported
in fig. 7 where the "equivalent flight hours" ai‘e obtained multiplying the safe fatigue life by the dama~
ge.

The standard AGS output, on the contrary, is a synthetic one organized and presented as in fig, 8, which is
giving information referred to the component with the smallest residual 1life only.

Some other outputs are foreseen in order to find errors or to follow separately some elaboration phases,
while some utility programs will provide changes in the data bank when and if some structural configuration
modifications, concerning the monitored elements. will occur.

4., CONCLUSIONS

The system complexity is clearly pointed out.

However it 1s relaxed by the very easy data acquisition in flight, having on board a sophisticated avionic
system.

In order to reduce the on ground processing time, a particular attention has been put to the filtering
techniques performed at different steps of the process.

From this point of view the combat aircraft can give scveral problems if compared with transport aircraft,
because of the high variability in the flight parameters values.

The advantuges of this "individual" monitoring system are evidently stated and they can be briefly listed
below:

- optimization of the fleet lile management

- Economical benefits, coming from the knowledge of the aircraft service usage, which general-
ly is lighter than the design required one (producing the design spectrum).
So, it can be avofded to ground the aircraft for scheduled inspections at intervals defined
in terms of flight houls, being convenient to inspect at reaching of the planned residual
lives. Moreover, it has been noted that the in service utilization often goes out of the
design life, relying on the large scatter factor value for fighters aircraft and on the fail
safe properties for civil ones.
In these cases a monitoring system can be ccnsidered of primary importance.

= Flight safety, because the system is analyzing all the components from #hich the safety is
depending.
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FLIGHT PARAMETERS LIST FOR STRUCTURAL MONITORING

' - Wing Sﬂ 851 P B a o gsp N, ‘
‘ - Tailplane (horiz.) o e SHT left,rig. /5 p P
i - Vertical tail P P /5 Sru 4. Ny r
l - Rear fuselage (LHT) “‘vr) N, Ny q
‘“ - Centre fuselage Nz Ny 0(t /.5 qQ (LHT) (LVT) Sink sp. S airbrakes
; - Front fuselage Nz Ny o(t q r ' ‘t
- Pylons Nz Ny -4 t p p q r :
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AIRCRAFT DATA BANK ORGANIZATION

OATA GMHK VECTOR #QR A/C TOENTIFICATION NUNRER TOOL

N COMPONENT  SERTAL ACTUAL S.Fe CuMULe  LOAD/STRESS TRe $ = N CURVES CCEFFICIFYS 17 X 1 COMPONENT)
NMBER  FHS LIFE  OAmAGE RIFL AlF2 Al a2 [}} L1 [} 13 AT

FRANE X #000 § 1002, 10025 0.406404 0.2010-04 0.120€-08 0.042€-01 ~3,665 0,235 2,158 =12.122 04312  1.322 0.10E008
FRAME X 8000 O 1013 10425 0.00E¢04 0,230-08 0,820E-01 0.012E-01 3,665 04233 2,153 12,122  0.312 1,322 0,10Fe0p
FRANE X 12737 $ 3009. 10,25 0.40E404 0.200-04 0.J68E-01 0.000E~01 =2,998 0.243 2,989 =114133 0,353 1.2%2 0.10€407

FRAME X 127370 3061. (0.25 0.40E606 0.200-0¢ 0.368E-0L 0,000€-01 2,998 0,243  2,98% = 11,133 0,359 1.252 0,10E%07

ERARE X €010 D 2088, 10.25 0,40E+06 0,280-04 0.889E-01 Q. 115E-01 =2.991 0,305 3,752 ~12.324 0,306 1,438 N,10E408

TAIL, TORQ. 80X $ 8071, 10,25 0,406 404 0.220+04 0.274£-01 0.000€-01 -~3.677 O.488 2,321 ~11,989 0,300 1,002 0,10€+07
TAlLe TORG. 80X O 8081, 10,25 O0.40E04 0,230-04 0.274E~0L G.000€<0L =3.,677 0,460 2,621 11,969 0,300 {002 0,10E407

9 TAll. . ROOT S SL11. 10,25 0.,00E¢04 0.300-0% 0,108E-01 DJ000E=0L ~4,005 0,466 2,355 «9,122 0.063  1.989 0,50E407
10 TAlle $Ps ROOT O B111. 10.2% 0.40F¢04 0,310-04 0,100E+01 04000801 <«4.005 0,486 2,353 ~9.122 0,883 1,989 0.50€407
S0 REAR FIN ATTACHs § 8121 10,25 0.40E404 0o300-06¢ OoTTSE-OL (o000E-01 ~3.477  0.488 2,421 =11,989 0,300 1,002 0,10€+07
32 REAR FIN ATTACH: D T125. 10425 0.00E¢04 0431004 O0oTT3E-01 04000E-01 <=3.677  0.488 2,421 =11.989 0,300 1.002 0,10F+07
13 RIB 10710/v320 S 1005, 10425 O.A0E408 0.210+04 04313£<01 0.000E-0t =3.704 0,337 2,152 ~10.100 0,374  1.128 0,10F«07
14 RIS YI0/107320 O (015, 10,25 0,40E¢04 0,210-04 0,313€=01 04000€-01 =3.704 0,337 2,152 ~10,100 0,374  1.128 0,10€407
15 S/T TRe 80K Y909 S 1025, 10.25 0406004 0.240-04 04409€~01 04000601 =3.708 0337 2,152 10,100 0,374 1120 0.10687
$6 S/T TR, $0X Y909 DO 1075, 10,25 0.40E404 0.270-04 0.409E~0L 0.000€-01 =3,704 0.337 2,152 -10,100 0.37% 1,128 0.106+07
LT 170 PYLON AREA S 1102+ 10423 OQ.40E200 0,270-04 0JTALE-0L 0.004E=01 =3.704 04337 2,152 10,100  0,37T¢ 1,128 0.10E407
18 178 PYLON QREA O 1133, 10425 0.,40C406 0,200-0¢ 0TAIE-0L 0.004£~01 3,700 0,337 2,152 =10,100 0,374 1,128 0.10£407

)

2

3

4

s FRANE X 9110 5 207%. 10,25 O.00E404 0.25D+00 0.0B9E=01 0.115E-01 ~3,99) 0,385 3,752 =12.324 0,386 1.435 D.10E:08
[

1

[

Q WING FROMT SPAR § 1902, 10.25 0.006403 0.240-04 0,030E-01 0.010E-03 =~3,704 0,337 2,152 <10.100 O,37% 1,128 0,106407

20 WING FRONT SPAR 0 1911+ 10425 Q.40E403 0.250-C4 0.8%50€<01 0.010€-01 =3.70% 04337 2,152 10,100 0.37% 1,128 0.10£%07
21 OUPHY COMPONENT 10,25 0,40F ¢04 0,190~04 0.613E€-01 0.000€-01 =5.297 0,100 2,810 ~10.49C 0,100 1,349 0.106807

Fig. 6
FUL OUTPUT
AIRCRAFT [DENTIFICATION "WUNBER 7001

SEESEE08S55850058 0588000885300 8 8088 uRsBtsnstt st tattiRtsattittRttItttsetiitsIReRtisNINttItttesitssrstsss
SN N RN I A A AR BN RS R Y IR R BN B B BN N B BN WY RN B RY NN R BN BB AN BN RN SR RN B R N I 260800

s . . . . . . . .y
$% NS STRUCTURAL $€st, & SAFE FAT. o FLIGHT ® EQUIVALENT & RESIDUAL & CURI'LATE . in L}
[ 4 . CONPUNENT MUKe & LIFE . HOUHS & FLIGHT HRS ® LIFE ®  DANAGE 8 (EC.FHS/FHS)S §
') . . . . . . . .8
L 4 . ®  (EQ.FHS) o tFHS) $  (EG.FHS) ¢ LE0eFHS) @ . s
s @ . . . . . . *s
$ 60 8080000080000 2600000000000ttt 0000 Ieies sttt tsisn ottty
s . . . . . . . .8
3¢ Lo FRAKE X 8000 S 1002. ® 4000, . 10,23 * 0.85 * 3999,13 * J21250-04 o 04083 * 4
st . . . . . . . .8
$6 20 FRANE X 8000 0 1013, @ 4000, . 10,25 L4 0,92 s 3999.08 ¢ L230C0-Co o Q4090 s 3
$e o . . . » ¢ . .8
$e 36 FRANE X L2731 $ 3005, ¢ 4000, . 10628 . Q.79 * 3999.21 ¢ L13750-Co o 0.027 LI
s o . . . . s . .3
40 4o FRANE X 12737 0 3061, ¢ 4000+ . 10.2% (4 .90 399%.20 ® .2G000~C4 ¢ QeCT8 .
s o . . . . . . 4
3 ® S50 FRANE X 9110 S . 4000 . 104,25 L4 Qs 99 ¢ 399%9.01 ®  JJAT50~Ch o Qa7 LI Y
s$e o . . . . . . .3
s 4o FRANE £ 9110 D . 4000, . 10.2% . Jel2 & 3998.38 ? L200C0-C4 » 0109 *s
s . . . . . . » .y
$e 1¢ TAfLs TORQ. BUX S . 4000, . 1025 * 0.48 s 399%12 ® L22000-04 o Qe *3s
s o . . . . . * s
$¢ g¢ TAfL. TORQ, 80X D . 4000, . 10.2% . c.9 & 399909 * «22190-Ch 0 C.C39 3
s o . . . . . . .4
s8¢ 96 TAtLe $Ps RGOT S . 4000, I 10.25 . L.20 o 3994.40 ®  430C00-04 @ [ 21834 ° 4
s o . . . . . . o3
$*10¢e TAlLe $Ps ROQY O L4 4000, * 1025 s 123 s 398807 * L1C730-C4 @ 0.420 .3
s o . . . . . * o3
$ ¢ 11 & REAR FIN ATIACH. § . 4000, L4 10.28 04 L21 o 39%8.19 & ,30250-C4 o Q.118 L}
$ e . . . . . . . LIS
$ % 12 % WKEAR FIN ATTACH. O L 40004 . 10425 . 125 *  3998.75 ® L312°0-04 ¢ Cel22 L)
$¢ o . . . » . . *s
$913e alh 10710/v320 § . 4000, . 10,25 . 0.83 ¢ 3939.17 ? L20250-C4 o Qo0 * s
se¢e o . . . . . . .5
$ 6140 Ay Y10/10/320 © . 4000+ . 10023 . (-1 1] o 399%16 ®  L21000-Co » 0082 .y
s o . . . . . . .4
$ €156 S/T THe BOX YS9 § * 4000, . 10.2% L 1.02 ®  3995.90 ® «253CD-Co ¢ Q.2C0 vs
$e o . . . . . . *s
$¢tl6e S/T IR, BOXK Y3090 (4 4000, . 16425 . 19 14 ¢ 3998,93 ® J267:0-C6 o C.104 * s
s$¢ o . . . . . . .3
$ 017 178 PYLON AREA S . 4000, . 10.25 . 1.08 ¢ 3995.92 ®  J27C0DCh ¢ 0.403% .3
ss o . . . . . . v
seise 1/5 PYLON AREA O . 4000, . 10.2% . 1.10 *  3989.89 ® L275CU~(4 o 0.1C2 .3
$ . . L) . . . » s s
$ 6 (9 MING FRONT SPAR § . 4000 . 10435 . 0.97 * 3999.03 ¢ L242%D~Co o G093 * 3
s o . . . . . . .s
$ 6 20¢ MING FRONT SPAR D . 4000, . 10.25 * 099 * 3939.01 ® J24250-C @ 0,087 L ]
s o . . . . » . *s
$ ® 2L ¢ OUNNY COMPONCHT . 4020, . 10,25 . % 3999.24 * #150C0-C4 @ 0e07¢ *s
se o . . . . s
SO S SN LGOI OEEIVOINIOEIBCEOELENGEOINIINOEEIEOIEOOELEOOILILOGEOIOIPOSOEOIDDROETDS
SELES0S55888805088 0808808500885 00880083808800888883503533800580835385538353035835555855335353355335535333555353389533585538

Fig. 7

i

AL S - e
o

b Nkt

| rai et

Yoo

—————— o
o b




— ———

e et Mne g g o g

eow

TG TN TS

R

VPPN

SYNTHETIC OUTPUT

AIRCRAFT IDENTIF ICATION NUMBER 7001

DATE OF LAST FLIGHT 15/02/84

TINE OF LAST FLIGHT 0.75 FHS

A/C TOTAL FLOWN HOURS 10.25 FHS

DATE OF A+GeSe PROCESSING 16/02/84
.“.t“.“‘t.“.O'O..t““..““.
] *
®  MININUM RESIOUAL LIFE COMPONENT & DURNMY L]
L4 REAR FIN ATTACH. 0 7115 COMPONENT *
* »
& RESIDJAL LIFE (EQ.FHS) 3998. 747 3999.238 *
* *
* EQ.FHS /7 FHS 0.122 0-074 ?
& *
* ®

‘t..“‘.....t....t.‘t.“‘...“t

v e @i e A
- . P T TS

ET

187

PN

Sl I AT S NI A0 2 Tl AR 1t 0 00

——

[———
e o At oo s




o AT TP I o R AP IR e B 2 o e s oo

wse

USAF APPROACH TO AIRBORNE STRUCTUF.A! DATA RECORDING
(Afrborne Data Acquisition Multifunction System)
(ADAMS)
by
Ray J. Veldman
Aeronautical Engineer
Force Management Group
Aeronautical Systems Divisfon
ASD/ENFSL, Wright-Patterson Air Force Base OH 45433

INTRODUCTiON

The objective of this paper is to familiarize the reader with our curreut approach to structural
recording and give some insight into our considerations for future instrumentation systems. For over
forty years the USAF has used airborne f{nstrumentation and recording systems to collect data that describe
the structural loading environment that aircraft experience in cheir normal operational usage. These data
are used for two purposes: 1) as a definition of the operational environment of the fleet of aircraft
instrumented and its resultant {mpact on the design service life ard 2) as design criteria for future
aircraft of the sume category. A multitude of {nstrumentation packages have been used to accomplish this
task with varying degrees of success but the end result has been that in almost all cases, sufficient data
was collected to accomplish the objectives of the recording program. For the last fifteen years magnetic
tape digital recorders collecting data continuously using fixed sampling rates have primarily been used.
Although these were excellent systems when i{nitially introduced into the inventory, Air Force support-
ability of non-mission essentfal equipment and technology advancements have caused the continued use of
such systems to be inappropriate. The current state of the art of microprocessor technology lends itself
to the development of airborne recording systems capable of on-board processing and data compression with
solid state data storage. Such systems will reduce supportability requirements drastically because of
increased reliability inherent to solid state electronics while providing tremendous processing and self
diagnostic capability heretofore unachievable. ihese microprocessor based systems which record structural
operational information are designated within the Air Force as the ADAMS, Airborne Data Acquisition Mulei-
function System.

BACKGROUND

The requirement for airborne data recording is established in the Aircraft Structural Integrity
Program (ASIP) as defined in AF Regulation 80-13 dated 16 July 1976. MIL-STD-1530A dated 11 December 1975
describes the implementation of ASIP for all USAF aircraft. Figure | {s a table from this document and
describes the tasks required to accomplish the ASIP. Task V, Force Management, illustrates the require-
unent for two types of airborne recording; the Loads Environment Spectra Survey (L/ESS) and the Individual
Afrcraft Tracking Program (IAT). According to MIL-STD-1530, the objective of the L/ESS is to obtain time
history records of those parameters necessary to define the actual stress spectra for the critical areas
of the airframe. The objective of the IAT is to predict the potential flaw growth in critical areas of
each airframe that is keyed to damage growth limits of MIL-A-83444, inspection times, and economic repair
times. L/ESS requires the instrumentation of a percentage (10-207%) of the fleet of aircraft with record-
ing systems collecting multiparameter data such as CG load factors, angular rates, control surface positions,
strains configuration, and events. Conversely, the IAT is accomplished on each flight of every aircraft
and involves either manual data recording, flight logs, for transport/bomber aircraft or counting accelero-
meters/mechanical strain recorders for fighter aircraft. The concept is relatively simple. The L/ESS
provides statistically average loading spectra for the aircrafr fleet for all normal operating conditions
(configuration, GW, CG, altitude, airspeed, etc) and the IAT defines the operating conditions experienced
on an individual aircraft flight basis. The requirements for recording hardware/software used to accomplish
these programs arewhat led to the concept of ADAMS and a discussion of the ADAMS system is the purpose of
this paper.

DISCUSSION

For years airborne operational magnetic tape data recording has been plagued with many problems and
constraints which have caused low valid data yield. The problems were not caused by bad recorder design
but racher inherent limitations assocfated with magnetic tape recording and the inborne constraints
associated with non-flight essential airborne avionics. Some of the more obvious problems affecting such
a system are as follows:

1. Mechanical equipment within magnetic tape cartridges including the tape jftself have unidenti-
fiable but finite life due to wear. Conversely close tolerance on such parts is necessary for proper
system operation.

2., Extremely high data tape packing densities are needed to achieve the required record duration.
Such packing densities cause tape/tape head alignment to be extremely critical which results in consider=-
able reading errors.

3, Maintaining a tape cartridge pipeline between the operationsl unit and the remote data transcrib-
ing and processing facility is a difficult logistics task.

4, There is the inability to self test the system other than for continuity. Most recorder system
problems are not identified until the tape cartridge is transcribed at the central facility at Oklahoma
City Air Logistics Center (OC-ALC). This ofren is three months after the tape is removed from the air-
craft and all data recorded in this interim is invalid.

EDITOR'S NOTE

This final paper was first presented in a pilot paper version to the Operational Loads Data SubCommittee at their mecting in Toronto, Canada. Mr Veldman gave
2 verbal update covenng recent developments on the system described during Session IV of the Specialists Meeting ~ sec relevant paragraphs in the Summary
Record,
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The obvious limitation of the system {s the regular need for maintenance support even though it is
non-flight essential equipment. This constraint will rightfully remain because the mission of the Air
Force Is to keep its weapon systems operationally ready and not to maintain structural monitoring systems.
Main-enance on the.e systems remains low priority.

. m——

¢ i Recngnizing the tremendous advancements in the state of the art of microtechnology, it was obvious
that a microprocessor based soli{d state data collection system could eliminate many of the problems associ-
ated with previous systems while at che same time drastically reduce many of the supportability require-
ments that historically cnuld not be satisfied. For some time this office had been investigating the
state of -l art of microprocessor technology for application to structural recording. We also had been
monitcring an A~l0 protozype installation of a microprocessor based engine monitoring system which showed
greac ;roerace. Working with the B-1 System Program Office (SP0), we initiated the development of a new
struety. § recording microprocessor based system. Rockwell International, the B-1 Prime Contractor,
) thtwnyl ae sdvance Change Study Notice (ACSN) was charged wich developing this system for the B-1 aircraft.
B Korbwe ' .onducted their own source selection, evaluating proposals from several vendors and in July 1982
f stduaut 2 2 proposal to the B-l SPO for the B-l recording system. Along wich the B-1 deciston to use a
mizcopvocessor bused structural recording system, has come a general Air Force trend toward such systems
on si} future Air Force aircraft. Many design features of the B-i micropvocessor system will be applicable
to other aircraft. '

A microprocessor based recording system eliminates most of the problems identified earlier. It is
self diagnostic simply because the afirborne microprocessor is programmed to {nterpret the validity of <he
) data it is recording and "flag" problems 2s they occur. The entire system is solid state including the
' data storage eliminating the unreliable mechanical components inherent in magnetic tape recorders. Tape
skewing and high packing densities are obviously eliminated.

—

Mini computers have had great processing capabilicy for some time as evidenced by the explosive solid J
state time piece and electronic game market. The pzoblem with the application of total solid state elec~
H tronics to a mass storage recording systemhave been the data storage medium. The tr d ad s

in memory types, chip size, and design has only recently provided the capability for sufflcien: solid
state storage capacity.

One of the primary considerations in the definition of the B-1 ADAMS was that of the functions it
should include. USAF aircraft have many requirements for airbourne data recording including structural
or ASIP, ENSIP (Engine Structural Integrity Program), crash, engine performance, engine diagnostics, etce.
Considerations in determining which functions to combine included solid state memory size, physical
recorder size, who are the deta nsers, data compression techniques associated witk each function, common
parameters, etc. The decision was made to {nclude airframe structural recording, engine structural record-
ing and the crash recorder option in the ADAMS system. Since the B-)! aircraft has no crash recorder
requirement, this function was not included in the recording system requirements but inherently remains an
option in the system design. The structural recording system philosophy included instrumenting ten percent
of the aircraft for L/ESS and all aircraft for IAT. For hardware cost and aircraft configuration standard-
izacion purposes it was decided that a common system in each aircraft was the most viable approach. ‘
J Therefore, the airborne microprocessor software would determine if the common hardware would sample and
record L/ESS and IAT parameters or IAT parameters alone. For convenience this dual function could be
chosen on any afrcraft any time by merely swiiching to one or the other software routines. Additionally,
the L/ESS aircraft would include the six ENSIP parameters monitored on one of the four engines. This
decision was somewhat obvious because of the close correlation between the L/ESS and ENSIP programs which
both rapresent statistical descriptions of airframe or engine environments.

The following list depicts the B-1 parameters for L/ESS, IAT, and ENSIP.

*LH HORIZ STAB SPINDLE STRESS *GROSS WT
RH HORIZ STAB SPINDLE STRESS *CQ

; *LH CAP SPINDLE BASE STRESS TOTAL FUEL QUANT
WING SWEEP ACT STRESS NOSE GR SQUAT SW

; NG OUTER PANEL STRESS MAIN GR SQUAT SW
*FUSELAGE FOREBODY STRESS

. OAT

: PITCH RATE *MACH NO

3{ ROLL RATE *PRES ALT

: YAW RATE AIRSPEED
#VERT ACCEL **ENG INLET TEMP
LAT ACCEL *xNy
LONG ACCEL *xy,

n **PLA

;| RH HORIZ STAB POS #*BLADE TEMP
LH HORIZ STAB POS **COMP STATIC PRESS

RH INBOARD SPO POS
LH INBOARD SPG POS
UPPER RUDDER POS
*RH FLAP POS
' *WING SWEEP POS

F—

A
<

NOTE: * o IAT 7
** _ ENSIP "

The B~l system will consist of three pieces of hardware - the Structural Data Collector (SDC), k
Structural Data Extractor (SDE), and Structural Data Transcriber (SUT). The SDC is the airborne micro- A
processor/recorder and the SDE and SDT are ground support equipment. The airborre unit will have 256K .
Bytes mass storage memory to record significant data from L/ESS, IAT, and ENSIP tunctions. It will be .
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programmed to compress t  input data in order to record only those samples which are defined as structur-
ally significant. Several techniques for data compression have been developed over the years including
peak counting, threshold or window levels, key parameters with colucident values, ctc. While the method
or methods to be used for the B-1 are not finalized at this time, the 256K Byte memory requiremeat is
considered adequate o a date whatever method chosen. This size memory should allow for at least 20
flight hours of L/ESS/ENSIP data and 200 flight hours of IAT data before a memory Jump is required. The
SDE will be a hand held ground unit which provides the ability to extract data from several airborne units
and store the information in its own solid state memory. This unit will be field level support equipment
. least one available at each base depending on the number of afrcraft at the base. It will also

splay any system discrepancias or failures diagnosed by the airborne system and alert field personnel
that maintenance action {s required. For the B-1 this is hat of a redundant feature because the ADAMS
will have a Central Integrated Test System (CITS) interface which will display an ADAMS system failure in
real time. The SDT will be ¢ ground based shop level system capable of transcribing multiple extractions
on a magnetic tape or floppy disk storage medium to be sent to the agency responsible for data analysis.
This system will also allow ..se personnel to "quick look" and operate on any data recorded by the SDC to
diagnose possible system (- hlems.

Much of the technical design detail of the B-~1 ADAMS system has been defined at this time but some
remains an open consideration. A discussion of these design details would be prematurc and inappropriate
for this paper, but could be the subject of a follow-on paper.
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USAF_Afrcraft structural integrity programs tasks.
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SESSION IV -~ FUTURE SYSTEMS

SUMMARY RECORD
by
R G Loewy
School of Engineering,
Rensselaer Polytechnic Institute,
Troy, NY, USA

The first paper in the session (paper No 16) covered questions of instrument
selection, numbers of channels, sampling rates, aircraft areas of emphasis, calibration
and data collection concepts. The presenter noted good agreement between results of
finite element analysis and regression analysis of stresses measured in ground tests. As
an example of the data being taken, he showed time histories in which wing bending,
taileron and £in data appeared for various sampling rates. In reply to a question on how
fatigue life information on the entire Tornado fleet was to be inferred from a limited
number of fully instrinmented aircraft, he noted that the issue had been addressed, but
could not be fully resolved until more experience had been accumulated; however, use
would be made of the vertical acceleration recorders fitted to all aircraft.

The second presenter (paper No 17) noted that most French fighters, attack aircraft
and trainers carried acceleration counting systems recording exceedences of various g
thresholds, 100% of the Mirage P-l1 and Alpha-Jet fleet being fitted, but only 10% of, for
example, Mirage TII and 5 aircaft. He described the criteria used to develop a new
system of opemtional 1loads information acquisition, including  1low maintenance
requirements, easy interchange between types, ease of data management and provision of
loads data applicable beyond the aircraft type on which it was acquired. He noted that
still more advanced systems should include large memory, quick scanning capability,
deferred processing and use of digital data bus techniques.

The third paper (paper No 18) referred to experience gained with the maintenance
recorder in the Italian Air Force Tornado fleet. Proven structural life is considered as
that 1life demonstrated in tests, rather than life calculated using assumptions such as
Miner's Pule. PFlight parameters and processing routines were described, including data-
filtering logic for stress-time histories (based on threshold changes of 5 Newtons/sq
mm). The presenter showed sample data including percentage structural component life on
a flight hours basis, and closed by noting the complexity of systems which are,
conceptually, relatively simple, together with the need for a greater degree of
automation in data handling.

In general discussion, the question of cooperation and correlation of results on the
two Tornado programmes described was raised. So far, no cooperative arrangements had
been set up. An Italian Air Force questioner referred to the number of f£light strain
surveys that had been carried out on Tornado, and asked whether operational loads and
strain survey data could not be correlated, perhaps operational loads surveys should be
carried out before fatigue qualification testing. In reply, the UK view was that
although early flight strain data under defined f£light test conditions were £fully
accepted, loads encountered in service operations were often different £rom those
specified as desicn loads and confirmed in strain surveys. If possible, there should be,
and often were, two fatigue tests, one early in the development cycle and oue
conciderably later, after operational loads data had been acquired. On this point, one
speaker felt that a second fatigvre test was often required because the first test was .oo
abbreviated or there had been significant structural changes, rather than because the
load spectrum had been redefined.

At this stage in the proceedings, the Meeting Chairman invited Mr R Veldman to give
an update of the pilot paper given at the Toronto meeting of the Panel. This paper
describes the USAP multi-funciion aircraft data acquisition system currently under
development: an updated version is included with the Specialist Meeting proceedings as
paper No 19. The author observed that the reliability of tape-recorder based systems had
been a major problem in US programmes. The new system utilised on-board micro processors
and solid-gtate data storage, and was expected to give a ‘'state of the art' improvement.
Delivery of production equipments was expected in mid-1984 and the system was intended
for both the B-1B and T-462 programmes.

In response to two questioners both asking if the 'write cycle' of the EEPROM data
storage did not require larger memory than other equivalent systems, the presenter
replied that this problem was avoided by parallel operation. Moreover, data is never
erased; locations are filled progressively, data is extracted and, on further use, new
data is overwritten over old. In this mode, except at very low temperatures, data system
speed is adequate.
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ROUND TABLE DISCUSSION

Meeting Chairmen Bright then convened a Round Table Discussion, inviting the Session
Chairman, Messra de Jonae, Maxwell, Chesta and Veldman to join him. Opening the
discussion, he asked the audience to think in terms of current requirements for
operational loads data (systems, format and so on) on the one hand, and systems likely to
be needed for the future, say the 19908, on the other. Agile aircraft, exploiting the
full potential of ACT, digital computing and composite structures, were likely to pose
quite new problems for loads data acquisition. Were we convinced as to the continuing
need for this kind of information; did we continue to pursue the two-tier concept, in
which only a small fraction of an alrcraft fleet is fully instrumented, with limited
instrumentation common to the entire fleet?

Mr de Jonge said that he thought the Chairman's questions were well-posed. He then
raised the issue of data scatter, when operation of one alrcraft type extends over a long
period of time, with the alrcraft rotated between different squadrons and pilots. His
experience with the F-104 under these circumstances suggested that scatter is ]
statistically ‘'smoothed~out', perhaps implying that small sanples are adequate. Mr
Maxwell observed that squadron roles can differ substantially, with noticeable effect on
airframe loads; while too much data can swamp ground analysis, carefully selected and
processed data can be used to identify usage patterns and loads effects, any exceedences
of the design envelope and the basic causes of high fatigue damage.

Mr Graham observed that it 1is necessary to define the structural damage under
consideration rather narrowly and the statistical distribution must be known before
‘scattér’ as a concept has any real meaning. He noted that the F-5 fleet data shows a
factor of 4 in the structural life remaining for aircraft with 10-12 years of operations,
including rotation of aircraft between squadrons. Messrs Maxwell, Bright and de Jonge
then agreed that the exact nature of usage patterns, eg. normal peace-time fighter
squadron operations vs. training, had a major influence on loads spectra; for scatter
among the same type to smooth out, the aircraft must all be consistently operated in the
same way.

Netherlands F-104 scatter was of the order of 2. For comparison, Mr Neunaber said
that German Air Force F-104 scatter was reported as 2.3 (by normal distribution, 10-90
percentiles). If alrcraft are not rotated between squadrons, the scatter is 3-4. It was
necessary to be precise in defining 'scatter!', otherwise discussion might be at cross-
purposes., Returning to dizcussion of the 2.3 factor mentioned above, it was thought that
its causes included differences in control responsiveness between individual aircraft:
many pilots may take advantage of such differences between aircraft in their handling: J
possibly scatter will be reduced over a larger fleet life-time. Wg Cdr Bright noted that
RAF experience, like French Air Force experience, tended to show that operational 1load
severity increases with time. M Baranes said that he had seen scatter factors for the
same mission as high as 5.

Mr Krauss asked liow evolutionary changes in a particular aircraft type's structure,
which often occur during its operational life time (eg due to retrofits) are waken into
account in monitoring fatigue life. Wg Cdr Bright replied that such differences must be
accounted for as they occur, citing possible differences in F-4J aircraft about to be
introduced to RAF service, following operation of other versions of F-4,

Mr Hacklinger referred to basic differences between design conditions and those
actually encountered in operations, and said that these needed to be considered from two
view points. Firstly, as an uncertainty in performing ‘on~condition’ maintenance, where
the actual history and what is likely to be encountered must both be known, and secondly,
what must be known to design better new aircraft. On the second point, there was a
dearth of information available during the design phase as to how a new aircraft type
would, in fact, be flown. Professor Loewy asked if advanced simulators might not be
useful in this context. Mr Maxwell doubted their wvclue, quoting Kestrel/Barrier
experience which did not anticipate combat use of vectored thrust. Wg Cdr Bright noted
that, in any event, operational loads data was required to 'close the loop'. Mr Krauss
agreed, commenting that in a simulator pilots can fly only a 'nominal' aircraft.

&

Wg Cdr Bright asked the assembly for their views on ground versus airborne data j
processing. Mrs Holford replied that she would like to address the topic from two view-
points. On the one hand, she questioned the advisability of using the same processors,
sampling and filter logic, etc for both loads survey and in fatigue life tracking, since
then both activities might miss the same, possibly important, effect. On the other hand,
she was convinced that highly instrumented 1loads data acquisition aircraft could 3
incorporate certain automatic £light control systems which would make them non-
representative of the fleet at large. Addressing the first point, Mr Veldman observed
that the new USAF system he described had four different programmable logic algorithms
for the data processing functions.
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The Chairman asked for consideration of the applicability of current loads data for
emerging agile aircraft designs. Mr Culp stated that Generesl Dynamics' testing of early
F~16 models provided a very large flight data base which had proved useful in ¢. and D
model developmen%s, ané for the XL version with a composive wing. He note that these are
moderately ayile aircratt. The F-~16 crash recorder haes a large memory (4-5 megabytes)
and GD uses it to predict loads, obtain stability and control information, etc. Mr
Krausa commerted thac lack of knowledge of aer<dynamic stability derivatives in extreme
manceuvres makes load predictior doudbly difficult in design of agile aircraft. Mr
Hacklinger added that it 1is important notv to rely exclusively upon existing data in
designing such aircraft. He noted, for example, that the extensive use of composites
makes design less fatigue-critical and that manceuvre limiting systems are being used

more frequently. In consequence, new balances will have te be struck between
nanoevvrability and strength.

Mr Johnston observed that an overload warning system is working quite well on F-15
ajrcraft. Simulations of automatic load~limiter syntems, 23 distinct from g~limiter
systems, had been run on both F-15 and P-18 eircraft. He beliesed that all advanced,
high performance aircraft will make use of such systems in the future. Wg Cdr Bright
noted that for aircraft with such sysiems on board, simply recording that system's
activity would constitute operational loads data. Mr Mexwell added that he would wish .o
have simultaneous control position informaticn.

CLOSURE
Following the discussion, the Chairman thanked the authors, sessiocn chairmen and

asscmbled participants for their contributions, which had produced a highly successful
swecialists meeting on Operatinnal Loads Daia. He then declared the session adjourned.
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